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The Twiggs Clay is an upper Eocene claystone found as discontinuous deposits downdip of
the Fall Line in the Coastal Plain Province of eastern and central Georgia.  A distinctive facies of
the Twiggs is found in two lenses near the town of Wrens.  The nature, origin, and potential
commercial application of this resource are examined.
Four strata and two mineralogic assemblages are recognized in the Wrens deposit.  The
lower three strata are near white in color and very low in density.  These strata are mineralogically
similar and are composed predominantly of disordered silica and smectite.  The smectite is
dioctahedral, and the X-ray diffraction signature of the opaline phase is most like that of tridymite.
The uppermost stratum is composed of kaolinite and smectite.  This stratum lies above a prominent
erosional surface and may represent a younger deposit.
The opaline assemblage is an altered diatomite and likely represents rapid accumulation of
biosediments in a low-energy environment of normal marine salinity.  Sustained high productivity
was supported by favorable oceanic circulation bringing nutrient laden waters from the Caribbean
through the Gulf Trough.  Volcanic activity in west Texas and Central America contributed
nutrients, and fluvial discharge locally enhanced nutrient levels.
Diagenetic transformation of amorphous silica to disordered, lepispheric silica occurred
through in-situ dissolution and re-precipitation at relatively low temperatures.  Reactions between
clay minerals and pore waters modified the exchange complex and reduced the total exchange
capacity of the clay.  Authigenic smectite formed at the expense of lepispheric silica.
Cation exchange capacity of the Wrens deposit is controlled by smectite but is generally
moderate due to significant silica and kaolinite impurities.  However, the smectite may be an
effective cation-exchanger.  Variations in exchanged-cation population are significant and are
explained by differences in pore water pH.
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Sorption capacity is typically high for water and moderate for oil.  Both smectite and opal
are active in the sorption process, and microporosity is important.  It is possible that different
mechanisms are responsible for the sorption of oil and water.  The Wrens deposit has good potential




The subject of this investigation is a unique facies of the Twiggs Clay, an upper Eocene
claystone found downdip of the Fall Line in east-central Georgia.  The Twiggs occurs as
discontinuous lenses interfingering with sands, muds, and limestones deposited in transitional to
marine environments.  The economic value of certain Twiggs outcroppings was recognized early in
the twentieth century when mining of absorbent clay, or "fuller's earth", began (Shearer, 1917).
Mining of Twiggs lenses has continued, at least intermittently, for almost 100 years.  Production is
concentrated in two localities:  the Pikes Peak deposit in central Georgia and the Wrens deposit in
eastern Georgia.
The subject of this investigation is a distinctive, highly opaline, highly adsorbent facies
found near the town of Wrens, Georgia.  This study seeks to explain the nature and origin of this
unique clay and to explore potential commercial application of the resource.  This is accomplished
through fieldwork, mapping of subsurface data, microscopy, and laboratory studies.
PHYSIOGRAPHY AND REGIONAL GEOLOGIC SETTING
The study area is located in the Coastal Plain physiographic province of Georgia (Figure
1.1).  This area of approximately 35,000 square miles (Veatch and Stephenson, 1911) contains
economically important deposits of kaolin, fuller's earth, bauxite, and heavy minerals.  These
resources occur within the wedge of sediments that were deposited on and near the continental
margin of the southeastern United States during Cretaceous and Tertiary times.
The sources of the Coastal Plain sediments are the complexly folded crystalline rocks of the
Piedmont and Blue Ridge Provinces.  Precambrian and Paleozoic age igneous and metamorphic
rocks produced during episodes of Appalachian orogeny are dissected by diabase dikes of Triassic
and Jurassic age.  Rock types are varied in mineralogy and degree of metamorphic alteration and
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include granite and mafic igneous rocks, metavolcanics, metasediments, gneiss, quartzite, schist,
and slate (Pickering, 1976; Fallaw and Price, 1995).
The surface of the crystalline rocks is uneven, with relief of approximately 45 m (150 ft)
reported by Buie (1980).  In general, the surface dips to the south and southeast, and regional dips
range from 9 to 14 m/km (50 to 75 ft/mi) (Veatch and Stephenson, 1911; Buie, 1980; Fallaw et al.,
1990).  In east-central Georgia, the dip increases from approximately 4 m/km (20 ft/mi) near the
Ogeechee River to 8 m/km (40 ft/mi) near the Savannah River (Hetrick, 1992).  The surface
expression of the contact between Piedmont rocks and the Coastal Plain sediments is known as the
Fall Line for the number of falls and rapids formed at the gentle change of slope where streams
cross from crystalline basement rocks to softer coastal plain sediments.  The Fall Line trends
Figure 1.1  Location of study area relative to major physiographic features.  Hachured area
represents approximate outcrop of Barnwell Group sediments.  Numbers indicate approximate
location of:  1) original Twiggs type locality in Twiggs County (Shearer, 1917), and 2)
alternate Twiggs reference section in Houston County (Huddlestun and Hetrick, 1986).
Modified from Pickering, S. M. J. (1976).
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southwest to northeast approximately along a line from Macon, Georgia through Augusta, Georgia
(Figure 1.1).
Above the Piedmont basement, and south of the Fall Line, lies a thick wedge of Cretaceous
and younger strata.  The updip margin of the sediment wedge is characterized by overlap of
successively younger formations through late Eocene age.  In east-central Georgia, Paleocene and
lower Eocene sediments are overlapped by middle Eocene strata.  These are in turn overlapped by
upper Eocene sediments, which eventually rest unconformably on basement rocks.  Thickness of the
sediment wedge increases away from the Fall Line in the direction of dip to the south and east, and
sediments in excess of 1200 m (4000 ft) occur in southeastern and southern Georgia (Herrick and
Vorhis, 1963).  The strata are gently dipping to horizontal.  In general, regional dip decreases
upsection.  Estimates of dip of Cretaceous strata range from 8 m/km (40 ft/mi) to 4.5 m/km (24
ft/mi).  Degree of dip decreases gradually in younger strata, from approximately 4 m/km (22 ft/mi)
on lower Eocene strata to 2 m/km (9.5 ft/mi) on upper Eocene units, to essentially horizontal
Miocene strata (Veatch and Stephenson, 1911; Herrick and Vorhis, 1963).
The Coastal Plain sediments are dominantly marine in origin.  Lithologies include sands,
clays, carbonates, and marls.  Broadly described, updip sediments are more clastic in nature, while
carbonates dominate downdip sediments.  However, in east central Georgia stratigraphic
relationships are often much more complex, facies changes frequent, lithologies variable, and
individual units frequently discontinuous.  As a consequence, nomenclature and age assignments
are often the subject of debate.  Stratigraphy and nomenclature of the Coastal Plain sediments in
general, and east-central Georgia in particular, are discussed in detail in a later section.
OVERVIEW OF GEOLOGIC HISTORY AND STRUCTURE
Formation of the Coastal Plain began with Triassic and Jurassic rifting associated with the
initial opening of the Atlantic Ocean and Gulf of Mexico.  Through the Cretaceous and Tertiary, a
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series of ten or more marine transgression-regression cycles produced the wedge of Coastal Plain
sediments.  During this time, the climate over the southeastern United States was warm and humid
(Hurst, 1979; Frederiksen, 1980).  The period of warmer climate that began in the late Cretaceous
culminated in the Paleocene or early Eocene.  Sea level during this warm period is estimated to
have been approximately 200 to 250 m (650 to 800 ft) above the present level, or among the highest
identified (Haq et al., 1988).  During the late Eocene, the southeast margin of the United States was
again submerged under another marine transgression, but by mid-Oligocene a significant lowering
of the sea left much of the southeast coastal plain exposed (Huddlestun, 1990).
The major structural features of Georgia’s Coastal Plain are shown in Figure 1.2.  Of interest
are the large rift-related subsidence structures that extend across southern Georgia.  These structures
not only controlled marine circulation, but there is some evidence that they influenced patterns of
sedimentation as well.  Especially significant are the Gulf Trough and Suwannee Strait.  These two
features permitted communication between the Gulf of Mexico and the Atlantic Ocean that
continued, at least intermittently, from Cretaceous time into the Miocene (Cocker, 1999).
Figure 1.2  Major structural features of Georgia's Coastal Plain.  Modified from Cocker,
(1999).
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The Suwannee Strait served as a conduit between the Atlantic Ocean and Gulf of Mexico via
the Apalachicola Embayment and the South Georgia Embayment.  The Suwannee Current flowed
through this feature from late Cretaceous through middle Eocene time (Huddlestun, 1990; Cocker,
1999).  Eventually, the Strait filled with sediment, and the Suwannee Current shifted north to flow
through the Gulf Trough (Cocker, 1999).
The Gulf Trough is a major structural feature trending southwest to northeast.  It is roughly
parallel to the Suwannee Strait, but approximately 64 km (40 mi) north.  It is approximately 378 km
(235 mi) long and 16 km (10 mi) wide (Gelbaum and Howell, 1982).  Within the Trough are a
number of elongate, deep basins.  Fauna within the Trough are similar to those of the Gulf of
Mexico (Herrick and Vorhis, 1963), suggesting that Gulf waters flowed through the Trough.  By the
late Eocene and Oligocene time, the Suwannee Current was greatly diminished, and the axis of the
Gulf Trough shifted a few miles to the northwest (Herrick and Vorhis, 1963; Huddlestun, 1990).
The Current ceased flowing through the Trough as it filled with sediment during the Miocene
(Huddlestun, 1990).
This marine channel system served to separate two litho-stratigraphic subprovinces.
Sedimentation north of the Suwannee/Gulf Trough system was predominantly siliciclastic, with
some carbonates; whereas to the south of the system, sediments are predominantly carbonates and
evaporates.  Between these two provinces, deep-water deposits accumulated within the channels
(Huddlestun, 1990).  During the late Eocene, carbonates of the Ocala Group were deposited on both
sides of the Gulf Trough; however, the Trough appears to separate two depositional environments,
with only one facies of the Ocala found north of the Trough.  Gelbaum and Howell (1982) suggest
that this feature may have been “an obstacle to the late Eocene transgressive sea”.
Local faulting also exerted some control on Coastal Plain sedimentation.  Late Cretaceous to
early Tertiary faulting occurred sub-parallel to Mesozoic rifting (Cocker, 1999).  Of potential
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interest to this study are the Belaire fault zone and Pen Branch Fault.  The Belaire fault zone is a
series of en-echelon, down-to-northwest, reverse faults trending northeast to southwest.  The zone is
24 km (15 mi) or more long (Prowell, 1982).  Offset of Cretaceous strata is reported by Prowell
(1982) to be 30 m (100 ft), and that of the late Eocene strata is 12 m (40 ft).  However, Hetrick
(1992) found no evidence that Tertiary sediments had been faulted.  The Pen Branch Fault crosses
the central United States Department of Energy Savannah River Site, which lies to the west of this
study area.  Snipes et al. (1990) speculate that the fault continues into eastern Georgia, but Hetrick
(1992) found no evidence to support this.  The Pen Branch is described as a near-vertical, growth
fault trending northeast-southwest.  Displacement decreases with age of the beds; late Eocene strata
are offset by 30 ft (9 m) (Snipes et al., 1990).
STRATIGRAPHIC FRAMEWORK
At the time of formation of Georgia’s Coastal Plain strata, the Coastal Plain served not only
as a connection between the Atlantic Ocean and Gulf of Mexico, but the area also experienced
repeated cycles of sea level change.  This is reflected in numerous fluvial to marginal to shallow
marine transitions along dip.  In general terms, Georgia’s Coastal Plain sediments can be thought of
as two stratigraphically equivalent, but lithologically distinct, sedimentary deposits.  In the downdip
area, carbonate sediments predominate.  These units are similar in fauna and lithology to carbonate
units in peninsular Florida (Herrick and Vorhis, 1963).  Updip sediments are predominantly clastic,
similar to western Gulf Coastal Plain sediments.  These two lithosomes interfinger and merge with
one another in central Georgia.  Also overlaid on this dip-parallel transition are significant facies
changes along strike, resulting from shifting coastal and marginal marine environments.
It is difficult to envision a single stratigraphic model adequate to describe the variety of
lithologies and facies relationships observed across the Coastal Plain.  Nor it is surprising that
different investigators have treated the Eocene deposits of central Georgia and South Carolina quite
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differently.  The stratigraphic framework applicable to eastern Alabama is significantly different
from one applicable to western South Carolina, and neither one may be appropriate for east
Georgia.  This is most evident in the upper Eocene sediments in east-central Georgia, where sands,
clays, and carbonates merge and interlayer with frustrating complexity.  Despite almost 100 years of
investigation and refinement, the ideal stratigraphic model to effectively describe relationships in
this portion of the Coastal Plain has yet to be proposed.  Huddlestun and Hetrick (1979) cite a
number of reasons for this, in addition to stratigraphic complexity.  A paucity of fossils, intense
weathering of outcrops, and significant alteration in the vadose zone complicate attempts to identify
and correlate units.  Furthermore, type localities for proposed stratigraphic units either have not
been designated (Barnwell Sand), are not accessible (McBean Formation), or are too distant from
east Georgia (Lisbon Formation) (Huddlestun, 1982).
Despite these difficulties, Huddlestun and Hetrick (1979; 1986) re-defined upper Eocene
deposits of Georgia.  Their stratigraphic model is the most frequently used in east-central Georgia
where the full suite of upper Eocene facies can be observed in the exposed overburden of numerous
kaolin mines.  This is the framework best suited to the subject of this investigation.  It is based upon
a model first proposed by Shearer (1917) and modified by Cooke and Shearer (1918) and
LaMoreaux (1946).  Figure 1.3 illustrates the evolution of stratigraphic terminology applied to
upper Eocene deposits of central Georgia and the model used in this report.  The following
paragraphs summarize major developments in stratigraphic terminology as it applies to this
investigation.  For a more thorough discussion, the reader is referred to Huddlestun (1982) and
Huddlestun and Hetrick (1986).
Sloan (1907) was the first to apply the term “Barnwell phase” to clastic sediments of middle
Eocene age.  He did not specify a type locality, but the red sand exposed in Barnwell County, South
Carolina, is implied by his choice of name.  Veatch and Stephenson (1911) were the first to report
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on Georgia’s Coastal Plain.  They included the sands of Georgia in Sloan’s “Barnwell”.  What is
now known as the Twiggs Clay was assigned to the Claiborne age Congaree Clay Member of the
McBean Formation, underlying the Barnwell Sand.  They used the term “Jackson Formation” to
describe part of the upper Eocene section.  Brantley (1916) elevated the Jackson to group status, and
assigned what is now known as the Twiggs Clay to this new group.
The present stratigraphic model was first outlined by Shearer (1917).  He placed the
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Figure 1.3  Evolution of stratigraphic terminology applied to upper Eocene deposits of
Georgia Coastal Plain.  Modified from Figure 3 of Huddlestun and Hetrick (1986).
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units to Jackson age based on faunal evidence.  The remainder of the McBean Formation remained
in the Claiborne Group, with the Jackson age Ocala Limestone separating these two units.  Cooke
and Shearer (1918) renamed the Congaree Clay as Twiggs Clay.  They described relationships
among the three lithofacies: sands of the Barnwell Formation, Twiggs Clay, and Ocala Limestone.
They were the first to recognize the Tivola Tongue of the Ocala Limestone, and the Coopers Marl
in eastern Georgia.  The next significant development came in 1946, when LaMoreaux recognized
three members within the Barnwell Formation:  the basal Twiggs Clay Member, the Irwinton Sand,
and an upper, unnamed, thin sand (Figure 1.3).
Huddlestun and Hetrick (1979; 1986) and Huddlestun (1982) re-defined the stratigraphy of
the Barnwell, based upon their study of upper Eocene sandy deposits of eastern Georgia.  They
raised the Barnwell to group status, and defined four new members and one new formation.  The
Barnwell Group comprises three formations; in ascending order, these are the Clinchfied Formation,
the Dry Branch Formation, and the Tobacco Road Sand.  Within the newly-defined Dry Branch
Formation, they recognize three members:  the Twiggs Clay, the Griffins Landing Sand, and the
Irwinton Sand.  The following discussion of individual units relies heavily on their work.
Barnwell  Group
This model presents upper Eocene Coastal Plain strata as three laterally equivalent
lithosomes:  a sand lithosome of the southern Atlantic Coastal Plain, a carbonate lithosome
corresponding to the Ocala Group of the Florida platform, and a clay lithosome equivalent to the
Yazoo Group of the Mississippi Embayment. In central Georgia, all three lithofacies are present in
the Barnwell Group (Figure 1.3).  The Tobacco Road Sand, the Clinchfield Formation, and the
Irwinton Sand Member of the Dry Branch Formation represent the sand lithosome.  The Tivola
Limestone, Utley Limestone, and Ocmulgee Limestone are recognized as updip extensions of the
Ocala Group.  The Twiggs Clay Member of the Dry Branch represents an eastern extension of the
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Yazoo, although it has been locally removed by erosion in western Georgia (Huddlestun and
Hetrick, 1986).
The outcrop belt of the Barnwell Group in central Georgia is shown in Figure 1.1.  Overall,
the Barnwell Group is dominantly sand, typically showing prominent bedding, either laminated,
thickly-bedded, or cross-bedded.  However, other lithologies are present as lenses or individual
beds, and these may dominate the Barnwell group where the three lithosomes interfinger.  For
example, in west-central Georgia, the Twiggs Clay Member dominates the Barnwell Group.  The
carbonate facies is absent in some areas (Kesler, 1963), but in other areas, all three lithologies are
observed (Long et al., 1986).  According to Harris et al. (1997), this zone of interfingering and
transition from dominantly clastic lithology updip to predominantly carbonate sediments downdip
occurs within a narrow zone less than 3 mi (5 km) wide.
Clinchfield Formation
The basal unit of the Barnwell Group, the Clinchfield Formation, represents the initiation of
a late Eocene transgression (Long et al., 1986).  It rests unconformably on middle Eocene strata
(Herrick and Vorhis, 1963; Buie, 1980; Kogel et al., 2000).  The Clinchfield is a well-sorted,
medium-grain, calcareous sand.  It is extensively bioturbated.  Fossil evidence indicates a high-
energy littoral or inner-neretic environment (Fallaw and Price, 1995).
Tobacco Road Sand
The uppermost unit of the Barnwell Group is the Tobacco Road Sand.  This unit is described
as fine-grained and well-sorted to coarse-grained or pebbly and poorly-sorted. A persistent pebble
bed at the base of the Tobacco Road serves as a useful marker bed in updip areas (Huddlestun,
1982).  Extensive bioturbation and burrowing are common, often obliterating original bedding and
producing a characteristic massive appearance (Huddlestun and Hetrick, 1979).  The presence of
glauconite and marine fossils suggest a shallow marine or transitional environment for the Tobacco
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Road, while clay laminations in some areas may indicate a tidal flat environment (Fallaw and Price,
1995).
Dry Branch Formation
The most lithologically diverse formation of the Barnwell Group is the middle member, the
Dry Branch Formation.  It is defined by Huddlestun (1982) as late Eocene age sands and clays often
found below a flat-pebble marker bed.  The Dry Branch is thinnest near the Fall Line (<9 m or 30
ft), and thickens downdip to approximately 55 m (180 ft) (Huddlestun and Hetrick, 1979).  Three
members of the Dry Branch Formation, the Griffins Landing Sand, Irwinton Sand, and Twiggs
Clay, are distinct lithofacies that interfinger complexly in central Georgia.  The complex
relationship between the different facies makes distinction of three members impossible in many
areas.
The type locality of the Griffins Landing Sand is on the Savannah River in Burke County,
South Carolina.  It is generally restricted to areas east of the Ogeechee River, but scattered lenses
are found further west.  The Griffins Landing Sand is typically massive, well-sorted, calcareous,
and locally fossiliferous.  Lenses of Twiggs-type clay are found within the Griffins Landing, as are
thin limestone, chert, or oyster shell beds (Huddlestun and Hetrick, 1979).  Foraminifera collected
from the Griffins Landing suggest a bay, or lagoon to open ocean environment (Fallaw and Price,
1995).
The Irwinton Sand is found most often near the top of the Dry Branch Formation.  In
contrast to the Griffins Landing Sand, the Irwinton is typically well-stratified, well-sorted, fine to
medium grain, relatively pure quartz sand.  Fossils are rare (Huddlestun and Hetrick, 1979).  Like
the Griffins Landing Sand, the Irwinton also contains lenses or thin, discontinuous beds of Twiggs-
type clay.  East of the Ocmulgee River, Huddlestun and Hetrick (1986) identified two tongues of
the Irwinton Sand interlayered with two tongues of Twiggs Clay.  The Irwinton is characterized by
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scour and fill structures.  These are best developed near the middle of the Dry Branch Formation,
above the lower Irwinton tongue.  Some of these channels extend to the base of the Dry Branch.
Fallaw and Price (1995) interpret the Irwinton to represent inner-neretic sands with bay or lagoonal
clays, and Huddlestun and Hetrick (1986) speculate that the scour structures are tidal channels.
The third member of the Dry Branch, the Twiggs Clay, is of interest to investigators because
of its locally opaline mineralogy (Brindley, 1957; Carver, 1980; Rodiguez et al., 1982), and also for
its economic value.  Isolated beds of the Twiggs have been mined for fuller's earth since 1907
(Shearer, 1917).  However, despite greater study, there is less agreement among investigators
regarding the stratigraphic position, character, and even age of the Twiggs Clay.
The original Twiggs type locality near the town of Dry Branch in Twiggs County (Shearer,
1917) is now overgrown, but Huddlestun and Hetrick (1979) designated a nearby exposure as the
new reference locality.  At the original location, the Twiggs is found near the top of the Dry Branch
Formation, underlain by Irwinton Sand.  This stratigraphic relationship is the reverse of that
described by a number of other investigators (LaMoreaux, 1946; Carver, 1966; Pickering, 1971;
Carver, 1972).  Huddlestun and Hetrick (1979; 1986) assert that the original type section includes
only an upper, discontinuous tongue of the Twiggs.  They therefore proposed an alternate type
locality for the Twiggs Clay Member near the town of Clinchfield in Houston County.
Most investigators agree that the Twiggs is present as discontinuous lenses (Shearer, 1917;
Huddlestun and Hetrick, 1986; Long et al., 1986; Hetrick, 1992).  Shearer (1917) recognized two
well-defined beds of Twiggs in the updip direction.  Huddlestun and Hetrick (1986) likewise
identified two tongues of Twiggs east of the Ocmulgee River.  The lower tongue is more persistent;
it is found across Georgia at or near the base of the Dry Branch.  The upper tongue is discontinuous
but contains the original type section Twiggs Clay.  The section of Twiggs exposed in mines near
Wrens, Georgia, is reported to be the upper Twiggs tongue (Huddlestun and Hetrick, 1986).
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The lenticular and interbedded character of the Twiggs has resulted in estimates of thickness
ranging from more than 30 m (100 ft) to less than 6 m (20 ft) (Shearer, 1917; LaMoreaux, 1946;
Kesler, 1963).  Thickness of the clay does not appear to be related to dip position.  Rather, thicker
sections of the Twiggs are generally reported from the western area, and thinner sections in eastern
Georgia.  The Twiggs reportedly pinches-out east of the Savannah River (Huddlestun and Hetrick,
1979).
Descriptions of the composition of the Twiggs clay are also quite varied, but it is generally
recognized that the Twiggs becomes more calcareous downdip and eventually merges with the
Tivola or Ocala Limestone (Shearer, 1917; LaMoreaux, 1946; Huddlestun and Hetrick, 1979; Hurst,
1979; Schmidt and Wise, 1982).  Two lithofacies are recognized in the Twiggs Clay.  The first
facies, typical of the Twiggs in the western and downdip areas, is montmorillonite rich and sandy.
The unweathered color is dark gray, but it oxidizes to green-gray or blue-gray.  The clay is
calcareous, interbedded with limestone and marl, and grades into limestone at the base.  Glauconite
is common, especially near the top of the clay.  The lower section is extensively bioturbated and
fossiliferous, with abundant molds of gastropods and bivalves.  Fossil content decreases upsection,
but foraminifera and coccoliths are found in the upper beds (Shearer, 1917; Huddlestun and Hetrick,
1979; Schmidt and Wise, 1982; Long et al., 1986).
The second lithofacies is typical of the Twiggs in eastern and updip areas.  This clay is
smectitic and opaline, with silt to fine sand and mica.  Calcite and glauconite are uncommon.  Fossil
content is sparse and generally limited to siliceous microfossils (Huddlestun and Hetrick, 1979;
Schmidt and Wise, 1982; Hetrick, 1992).  Hetrick (1992) described a local variant of the
eastern/updip Twiggs facies that is found near Wrens and other localities near the Fall Line.  This
variant is described as a near-white clay that is hard and brittle.  This probably corresponds to the
“very hard flint clay” near Wrens reported by Veatch (1909), and also to the Jefferson County “fire
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clay” with an unusually high percentage (44%) soluble silica, also reported by Veatch (1909).  The
Twiggs clay samples studied in this investigation are most similar to this eastern variant lithofacies.
LOCATION OF STUDY AREA
The study area is located approximately 130 miles southeast of Atlanta, and approximately
40 miles west of the United States Department of Energy Savannah River Site.  Samples were
collected from exposed mine faces at the former A & M Products mine, located approximately 5 km
(3 mi) east of the town of Wrens in Jefferson County, near latitude 33o12'30" and longitude
82o21'00".  Fieldwork was carried out in October 1999 and April 2000.  The mine was closed and
the pits reclaimed in late 2000.
GEOMETRY OF THE CLAY DEPOSIT
Subsurface data were obtained from two unpublished reports summarizing the drilling of
properties near Wrens, Georgia, in 1994 and 1995 (Alsobrook and Company Inc., 1994, 1995).  The
reports include driller's logs for many of the sites.  Drill hole locations and "overburden" and
"fuller's earth" thickness data are posted on aerial photographs and partial topographic survey maps.
Although the drilling summaries provide valuable subsurface data that is otherwise unavailable,
there are limitations to their use.  Precise locations of the drill holes are not included, and the core
descriptions are often vague and subjective.  Within these limitations, the driller's logs and data
postings were used to construct isopach maps of the facies reported as "fuller's earth", as well as the
total clay thickness reported.  The maps are not available, but a description follows.
The fuller's earth isopach shows two lenses of clay trending southwest to northeast.
Separating the two lenses is an elongated area, approximately 300 m (1000 ft) wide and trending
northwest to southeast.  The data suggest that both clay lenses thin to zero and that no fuller's earth
is present in the area between the lenses.  An aerial photograph of this area is included in the
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unpublished report.  The photograph is annotated with "no clay", although no drill data to support
this are provided in the report.
The eastern lens is almost completely delineated by the available data.  The shape of the lens
resembles a pear tilted so that the narrow end points to the northeast.  The lens is approximately
three kilometers (< 2 mi) long.  The more narrow northeast end is perhaps one kilometer (1/2 mi)
wide, and the wider southwest end is at least twice as wide.  The data suggest that the fuller's earth
is generally thickest in the center of the lens, thinning in all directions, although a few isolated
depressions within the lens are noted.  Maximum thickness is approximately ten meters (33 ft), but
thicknesses of three to six meters (10 to 20 ft) are more typical.  The downdip margin of the
narrower, northeastern half of the lens thins abruptly from 4.5 m (15 ft) or more in thickness to zero
in less than 90 m (300 ft).  The wider, southwestern end of the lens tapers much more gradually
downdip, thinning the same amount in approximately 600 m (2000 ft).
The length of the western lens of fuller's earth cannot be determined from available data.  It
is 1.2 km (4000 ft) or more wide at its eastern limit.  The fuller's earth extends to the north and west
beyond the drilled properties, so only the eastern and southeastern limits are defined by the data.
This lens is significantly thicker, with fuller's earth in excess of 18 m (60 ft) reported in two
locations.  Approximately one-half of the drill holes in the western lens encountered fuller's earth in
excess of 6 m (20 ft) thick.  In general, the lens is thickest near the western limit of the data, where
the adjoining property was formerly mined for fuller's earth.  To the east and southeast, the
thickness diminishes to zero; there is insufficient data to define the updip limit of the clay in this
area.
A total clay isopach was constructed from the sum of "fuller's earth" plus the "plastic clay"
that overlies the fuller's earth in the majority of drill holes.  In general, the total clay isopach
resembles the fuller's earth isopach in overall geometry, except that the lenses are generally thicker
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and wider.  The downdip limit of the plastic clay is not specifically defined by the data, but it is
clear that the clay thins to the southeast, and likely pinches-out just south of the available data.   The
absence of clay between two lenses is unresolved by the drill data.  Although total clay thickness
decreases in the direction of the central corridor labeled "no clay", it is possible that plastic clay,
although thin, continues uninterrupted across the drilled properties, and that only the fuller's earth is
absent in the central area.
STRATIGRAPHIC SECTIONS
Three pits were open at the A & M Products mine in 1999-2000; two were located in the
western lens of fuller's earth, and one was located in the eastern lens.  Samples were collected from
an exposed wall in each pit.  Pairs of samples were collected from the base of the exposure through
the mined strata and overburden.  Vertical spacing between sample pairs was approximately one
meter (3 ft).  An effort was made to collect samples behind the exposed and weathered surface.
Samples were stored in airtight plastic bags until needed for analyses.  The strata exposed in the
mine face were measured, described, and photographed.  Detailed descriptions of the sampled
sections are given in the following paragraphs.  The sections are no longer exposed due to mine
reclamation.
South Bynes
The South Bynes pit was located at the western margin of the eastern clay lens.  At the time
that samples were collected for this study, clay extraction from this pit was essentially complete,
and the excavated area was partially filled with water.  Samples were collected from an exposed
wall at the southeast corner of the pit.  These samples represent the clay section near the periphery
of the lens.  The total clay section here is relatively thin, approximately 2 m (6 ft) thick, comprising
two distinct clay strata (Figure 1.4).
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The clay strata rest on a hard, light-colored sandstone.  The contact of the sand with the clay
could not be observed because the top of the sandstone was at, or very near, the water level at the
base of the pit.  Samples were not collected from this unit, but driller's logs from this area describe
the basal unit as "sandrock" or "chert".
Above the sandstone is the lower clay unit.  This is the mined stratum, or the fuller's earth,
and it is approximately one meter thick.  Samples were collected from the base, middle, and top of
this stratum.  Typically, the clay is light yellow-tan in color (2.5Y 8/4).  Near the base, it is sandy
and crumbly, with black speckles, presumably manganese oxyhydroxides, disseminated throughout.
The clay is heavily fractured.  This is especially evident in the middle and upper fuller's earth
Figure 1.4  Stratigraphic section of the Twiggs Clay exposed in the southeast corner of the
South Bynes pit. The total clay section is approximately two meters (6 ft) thick, composed of
two clay strata, FE1 and FE2.  Key is standard throughout text.
17
section, where sand is less common.  Above the base, the clay has a more massive appearance, but
thin bedding (< 3 cm or 1 in) is evidenced by the tendency of dry samples to part along parallel
planes.  Fine sand is present as thin coatings on lamination surfaces and less commonly as rice-sized
to centimeter-scale inclusions.  Manganese oxyhydroxides are abundant, and are more often seen as
aggregates and dendrites, or forming a black film on fractures and inclusions (Figure 1.5).  Fossils
were not observed, and no carbonate minerals were detected with dilute hydrochloric acid (HCl).
The upper clay stratum is un-mined, and referred to locally as "gumbo clay".  Samples were
collected from the lower, middle, and upper portions of this stratum, which is approximately one
meter thick.  The clay is light in color, slightly more green than the lower clay (5Y 8/4), and
contains rusty-orange mottles.  Typically, the clay is crumbly and slightly plastic.  There is a waxy
luster to freshly broken surfaces.  No fossils were observed and there was no reaction with HCl.
Above the clay is an orange-red, poorly-sorted sand containing angular clasts and small
lenses of clay (Figure 1.6).  The inclusions resemble the underlying clay in texture and color.  One
sample was collected from this sand.  Only a few meters of the contact between the sand and
Sample SB10
Figure 1.5  Sample SB10 from the middle of the lower clay stratum exposed in the South
Bynes pit.  Note manganese oxyhydroxides concentrated on fracture surfaces.
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underlying clay was visible in the sampled mine wall.  The contact could be viewed at a distance
across the mine on the north and west walls of the pit.  From this distance the contact appeared
characterized by numerous scour features (Figure 1.7).
Bell
The Bell pit was located in the western clay lens, near the margin of the drilled property.
Samples for this study were collected from the west wall of the pit.  They represent a thick section
Figure 1.6  Sample SB8 from the sand overlying the clay section in the South Bynes pit.
Light-colored inclusions are angular clasts of clay similar to the underlying FE strata.
North Wall of South Bynes Pit
Figure 1.7  North wall of South Bynes pit with apparent scour surface between light-color FE
strata and the overlying orange-red sand.
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of clay from the core of the clay lens.  The base of the exposed wall was reportedly very near the
base of the clay section.  Three distinct strata are observed within the clay section, which is
approximately 9 m (29 ft) thick (Figure 1.8).  The lower and middle strata are extracted for fuller's
earth; the upper stratum is not.
The basal clay unit is approximately 3.5 m (11.5 ft) thick.  The clay is characteristically hard
and massive, with smooth or conchoidal fracture (Figure 1.9).  The low density of samples from this
stratum is noteworthy.  The color is very light buff (lighter than 2.5Y 8/4).  Bedding or laminations
are not obvious, but a few thread-like and discontinuous sand inclusions are present (Figure 1.10).
At the base of this stratum, very fine manganese oxyhydroxides and mica are scattered throughout
the clay.  Near the middle of the stratum, the clay is fractured, and manganese oxyhydroxides are
more common, especially as clusters or as fracture coatings.  Near the top of the stratum, thin (less
Figure 1.8  Stratigraphic section of Twiggs Clay exposed in the west wall of the Bell pit.  The
clay section is approximately nine meters (29 ft) thick; three strata are present, FE1, FE2, and
FE3.  Key is standard throughout text.
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than approximately 10 cm or 4 in) lenses of green, smooth, waxy clay are present.  No fossils were




Figure 1.9  Base of Twiggs Clay section in the Bell pit.  Note massive character and smooth
fracture typical of FE1 strata.  Red meter stick for scale.
Sample B17
Figure 1.10  Sample B17 from approximately one meter above the base of the clay section
in the Bell pit.  Arrows indicate fine-sand inclusions.
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The transition to the middle clay stratum is subtle and partially obscured by debris from
overlying strata; however, clay exposed in the mid-section of the mine wall is distinctly different in
character.  The middle stratum clay is typically softer than the lower clay and is slightly crumbly.
Thin bedding (<1 cm or 3/8 in) is evident, and bedding planes are dusted with fine quartz and mica.
Dentritic manganese oxyhydroxides are observed on some bedding planes and fracture surfaces.  In
places, bedding planes are stained with a rusty-orange, very fine-grain film (Figure 1.11).  The color
typically is light greenish buff (5Y 8/4), or slightly darker than the underlying clay.  In places the
lighter clay grades into thin zones (< 8 cm or 3 in) or nodules of green, waxy clay.  The middle
stratum is approximately 1.5 m (5 ft) thick.  No fossils were observed, and carbonate minerals were
not detected with HCl.
The contact with the upper, un-mined clay stratum is obscured with debris and vegetation.
The upper clay is characteristically crumbly and slightly plastic with hackly fracture.  The color is
light, similar to underlying clay, but with abundant orange mottling throughout (Figure 1.12).  This
produces an overall orange tint that distinguished the upper stratum in the exposed wall.  Some
surfaces are coated with a thick, discrete orange film that resembles peeling paint.  Samples
collected from approximately one meter (3 ft) below the top of the upper stratum contain clay clasts
that are pea-sized and smaller.  The clasts resemble the underlying clay, and many are elongate or
flattened and sub-parallel in orientation.  Two samples from the top of the upper stratum are very
plastic with a strong earthy odor.  Their color is gray-tan (10YR 7/2) with deep red (7.5R 4/6) and
yellow-orange (7.5YR 6/8). The upper clay stratum is approximately four meters (12 ft) thick.  No
fossils or carbonates were observed in the upper clay stratum.
Above the clay section is loosely consolidated, red to red-brown, poorly-sorted sand.  Mica
is easily observed, and small (<2mm) clay clasts are present in some samples.
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Figure 1.11  FE2 stratum exposed in the Bell pit showing characteristic thin-bedding with
manganese oxyhydroxides and orange coating on bedding planes and fracture surfaces.
Figure 1.12  Sample B39 from FE3 stratum in the Bell pit showing characteristic crumbly
nature with abundant orange mottling.
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Pilcher
The Pilcher pit was also located in the western clay lens, but to the south of the Bell pit.
Samples collected from the west wall represent the interior of the clay lens, although only two clay
strata are present in the Pilcher pit (Figure 1.13).  The basal contact of the clay section was visible at
the base of the Pilcher pit.  Below the clay is a very hard, light-colored sandstone.  The surface of
the sandstone could be observed at the base of the pit and is irregular.
The lower clay stratum is approximately five meters (16 ft) thick.  This clay is hard, very
light in color (typically lighter than 2.5Y 8/2), and very low in density.  The clay has a massive
appearance, although thin bedding (< 1/2 cm or 1/4 in) is suggested in some samples (Figure 1.14).
Bedding planes and fracture surfaces are coated with fine sand and mica.  Dendritic manganese
oxyhydroxides and orange staining coat some surfaces (Figure 1.15).  About one meter above the
clay base is a zone approximately one-meter thick where the clay is mottled with white pea-sized
inclusions and very small lenses of very-fine sand.  Samples from this section have a more crumbly
character, and manganese oxyhydroxides are less common.  Above the mottled zone, fine sand is
present as rice-sized clasts, most often elongated parallel to bedding.  These are not common, but in
places are found in clusters.  In the upper part of the lower clay stratum, orange staining is common.
In places, the typical clay grades into indistinct and irregularly shaped zones of darker, waxy clay
with hackly fracture (Figure 1.16).  At the very top of the lower stratum, the clay is slightly plastic
and crumbly.
The contact between the lower and upper clay strata is distinct in the Pilcher pit.  Numerous
scour features are clearly visible (Figure 1.17).  The scours are typically two meters (6 ft) or less
deep and are filled with grey and red plastic clay, similar to the upper clay strata.  In addition, two
much larger scours or small channel structures were observed in the southwest and southeast
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corners of the pit (Figure 1.18).  The channel fill material is a jumble of material similar to upper
clay stratum, with clasts of lower-clay stratum, as well as sand and chert pebbles to small cobbles.
Above the scoured surface is the upper stratum, which is approximately 3.5 m (11 ft) thick
in the measured section.  The upper clay is typically crumbly and plastic, with hackly fracture.  The
color is distinctive gray and deep red mottling (Figure 1.19).  Some samples are gritty, or contain
pea-sized, maroon concretions of fine sand.  The upper contact of the clay section is mostly
obscured, but above the clay is an orange to maroon, loosely consolidated, poorly sorted sand.
Figure 1.13  Stratigraphic section of the Twiggs Clay exposed in the west wall of the
Pilcher pit.  The clay section is approximately 8.5 m (27 ft) thick; two clay strata are




Figure 1.14  Sample P5 collected from approximately two meters (6 feet) above the base of
the clay section exposed in the Pilcher pit.  Very light color, massive texture, and
conchoidal fracture are typical.
Figure 1.15  Sample P8 collected from near the middle of the FE1 stratum exposed in the
Pilcher pit.  Note Mn- and Fe-oxyhydroxides.
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Figure 1.16  Sample P11 showing irregularly-shaped zone of dark, waxy clay (above pin)
and typical light-color, low density FE1 clay.
Figure 1.17  West wall of the Pilcher pit.  Dashed line indicates approximate position of
prominent erosional surface between FE1 stratum (light color) and PL stratum (red color).
Dotted line on the left side of photo indicates approximate location of large scour or small
channel structure in the southwest corner of the pit.
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CHAPTER 2
MINERALOGY OF THE TWIGGS CLAY LENS NEAR WRENS, GEORGIA
INTRODUCTION
The Twiggs Clay is an opaline claystone found downdip of the Fall Line in central and
eastern Georgia (Figure 1.1).  It is exposed in the overburden of numerous kaolin mines.
Stratigraphically, the Twiggs is assigned to the Dry Branch Formation of the Barnwell Group, a
complexly interfingering assemblage of late Eocene sands, muds, and limestones deposited in
marine to transitional environments.  The Twiggs represents an eastern equivalent of the Yazoo
Clay and merges downdip into the Ocala Limestone.  The Twiggs Clay Member dominates the
Barnwell Group in west-central Georgia, is present as discontinuous lenses across central and
eastern Georgia, and pinches-out east of the Savannah River (Shearer, 1917; Huddlestun and
Hetrick, 1979, 1986; Long et al., 1986; Hetrick, 1992).
The Twiggs Clay has held industrial interest since early in the twentieth century when its
value as fuller's earth was recognized (Shearer, 1917).  Mining of the highly absorbent clay has
continued at least intermittently until the present time, with production concentrated in two
localities:  the Pikes Peak deposit in central Georgia, and the Wrens deposit in eastern Georgia.  The
Wrens deposit is reported to be eight kilometers (5 mi) long and two kilometers (1 mi) wide
(Hosterman and Patterson, 1992).  Thickness of the clay, as defined by exploratory drilling, exceeds
28 m (60 ft) in some locations, but is more typically three to nine meters (10 to 30 ft).
Although only two clay strata, "fuller's earth" and "plastic clay", are identified by driller's
logs (Alsobrook and Company Inc., 1994, 1995), a total of four distinct clay strata are evident in
mine faces near Wrens.  However, all four strata are not present in every exposure.  In this report,
the four strata are referred to as FE1, FE2, FE3, and PL, where "FE" refers to fuller's earth type clay
and "PL" refers to plastic clay.  These correspond to the "Lower-", "Middle-", "Upper Boundary
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Layer", and overburden layer described by Kogel et al. (2000).  The basal stratum, FE1, is a hard,
massive, very light-colored clay that is present in all exposures sampled.  Above this, FE2 is slightly
darker in color, softer, and thinly bedded to laminated.  FE3 is present only in one exposure.  This
layer is typically crumbly to plastic clay with hackly fracture.  Although still light in color, FE3 has
abundant orange staining throughout.  The uppermost stratum, PL, is observed in two exposures and
is easily distinguished by the plastic texture and distinctive gray and maroon mottling.  A prominent
scour surface separates PL from underlying strata.
The objective of this investigation is to describe the mineralogy of the Twiggs Clay lens
near Wrens, Georgia.  Specifically, the goals are:  1) to identify the mineralogical constituents of the
four strata that comprise the Wrens deposit, 2) to determine relative proportions of major
constituents, and 3) to describe variations in mineralogy with stratigraphic or lateral position within
the deposit.
METHODS
Samples were collected from the former A & M Products mine, located approximately five
kilometers (3 mi) east of the town of Wrens.  Fieldwork was carried out in October 1999 and April
2000, when three pits were open.  Samples were collected from an exposed wall in each pit.  The
sampled sections are illustrated in Figures 1.4, 1.8, and 1.13.  Pairs of samples were collected from
the base of the exposure through the mined strata and overburden.  Horizontal separation between
paired samples was approximately one meter (3 ft).  Vertical spacing between sample pairs was also
approximately one meter (3 ft).  An effort was made to collect samples behind the exposed and
weathered surface.  A total of 67 clay samples were collected and stored in airtight plastic bags until
analyzed.  The strata exposed in the mine face were measured, described, and photographed.  Prior
to preparation of the samples for mineral analysis each sample was examined under a binocular
microscope.
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Samples taken from the mine face in 1999 were typically dry, hard and brittle.  Samples
collected in 2000 held more moisture and were allowed to air-dry before processing.  A sample
volume much larger than that required for mineralogic analysis was collected.  The volume of each
sample was reduced using a sample riffler and cone-and-quarter method to ensure a representative
sample for X-ray diffraction (XRD).  When necessary, larger sample fragments were crushed by
hand using a hammer.  Approximately one-quarter of each sample was homogenized for XRD
studies, and three-quarters were retained for other studies.
Each sample was examined by XRD as a whole rock powder.  They were prepared by
processing approximately two grams of sample in ten milliliters ethanol in a McCrone mill for three
minutes.  Micronized samples were dried at 60 oC, and then gently disaggregated using an agate
mortar and pestle.  Randomly oriented samples were prepared by back-loading the powder into
aluminum sample holders, using a procedure similar to that described in Poppe et al. (2001).
For investigation of the clay mineral assemblage, a representative sample split was dispersed
in a 0.1 % sodium phosphate solution.  The size fraction equivalent to <2 µm spherical diameter of
quartz was extracted from the upper five centimeters of the suspension after settling for three hours
and ten minutes as determined by Stoke's Law.  An IEC-HT high-speed centrifuge was used to
concentrate the extracted clay.  The supernatant was poured off and the clay paste was thoroughly
blended with an aluminum spatula.  Oriented sample smears were prepared on glass slides using a
technique similar to that described in Moore and Reynolds (1997).  Any remaining clay paste was
mixed with ethanol, allowed to air-dry, and retained for examination of (060) reflections.
Sixteen samples were selected for examination of the (060) reflection.  The dry <2 µm
fraction was disaggregated using an agate mortar and pestle.  Randomly-oriented samples were
prepared by side-loading the powder into aluminum sample holders using a method similar to that
described in Moore and Reynolds (1997).
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All XRD data were collected on a Siemens D5000 diffractometer operating at 40 kV and 20
mA and equipped with a copper anode, Kevex solid-state detector, one-degree divergence slit, and
spinning sample stage.  The scan rate was two seconds per 0.02o 2θ increment for bulk and clay
mineral analysis, and ten seconds per 0.02o 2θ step for (060) analysis.  Bulk samples were scanned
from 2o to 70o 2θ, clay minerals were examined from 2o to 35o 2θ, and (060) scans were run from
55o to 65o 2θ.
Four XRD patterns were generated from each oriented sample smear.  The first was
collected from the sample in air-dried condition.  The slide was then placed in a desiccator with
ethylene glycol for a minimum of eight hours at 25 oC, and the second XRD pattern was generated
from the glycolated sample.  The third and fourth XRD data sets were collected after the sample
was subjected to heat treatments of 300 oC for one hour and then 550 oC for one hour.  An effort
was made to begin XRD analysis immediately after glycolation, and immediately after the first heat
treatment.
Interpretation of XRD data was facilitated by the use of MacDiff version 4.2.5 (Petschick,
2001).  Peak analysis was accomplished through the peak fit function, using unsmoothed data and
the Split Pearson VII peak shape function, as recommended by Petschick for fitting XRD data.
Whole rock diffractograms were corrected to the quartz peak at 3.34 Å (26.7o 2θ) prior to analysis.
Individual peak boundaries were user-defined for greater consistency among samples.  All profile
parameters were allowed to vary in the peak fit, so that for each reflection, the peak shape function
approximated the peak position, intensity, and full width at half-maximum peak intensity (FWHM).
The fit was improved through least squares refinement.  Up to 100 refinement iterations are
permitted; however, for this investigation, refinement was limited to twenty iterations because little,
if any, improvement was noted after twenty iterations.  The quality of the fit is measured by the
residuum, the discrepancy between the modeled curve and the observed curve expressed as a
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percent.  Results of peak analysis were also evaluated visually by displaying the profile function
and residuum against original data.
In addition to single-peak analysis, the peak fit function also allows for discrimination of up
to seven overlapping peaks.  This was applied to the 19o to 24o 2θ (4.7 Å to 3.7 Å) band where
multiple reflections were evident.  Multiple attempts were made to fit the observed XRD curve
between 19o to 24o 2θ (4.7 Å to 3.7 Å), with variable number of peaks contributing to the band.
With each attempt, the peak positions, intensities and shapes were allowed to vary.  Increasing the
number of reflections often produced lower residua, but sometimes resulted in unjustified shifts in
peak position or shape, demonstrating that residuum value should not be the sole measure of quality
of fit.  In selecting the overall best representation of the observed data, primary consideration was
given to rational peak position and shape corresponding to the mineral phases identified in the
samples, and secondary consideration to residuum value.
Mineral phases were identified by comparing peak positions and intensities with the
International Centre for Diffraction Data Powder Diffraction File (ICDD PDF).  Oriented sample
diffractograms facilitated clay mineral identification.  This was accomplished by comparing the
position and intensity of basal (00l) reflections in air-dried and glycolated condition, and after heat
treatments (Moore and Reynolds, 1997; Poppe et al., 2001).
Relative proportions of opal, quartz, and total clay were calculated from unsmoothed whole
rock XRD data by means of integrated peak areas normalized to 100 % using the reflection near 4 Å
(22o 2θ) for opal and the reflection at approximately 4.5 Å (19.7o 2θ) for total clay.  Mineral
intensity factors (MIF) for opal and total clay were determined experimentally with the (101) peak
of a quartz reference standard taken as unity.  A suitable reference standard for opal was not
available; therefore, the reference peak area for this phase was measured from a highly opaline
sample, using the <2 µm fraction to eliminate interference from quartz.  The proportion of opal to
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clay minerals in the reference sample was estimated from scanning electron microscope (SEM)
observations.  The 4 Å (22o 2θ) peak area measured in the reference sample was multiplied by a
factor to approximate the 4 Å (22o 2θ) peak area of the disordered silica phase in a "pure" sample.
In a similar manner, the reference response for total clay was measured from the <2 µm fraction of
an especially clay-rich sample.  However, because opal is absent and the total clay reference sample
consists essentially of only clay minerals, no adjustment to peak area was necessary.  The calculated
MIF for the disordered silica phase in these samples is 1.94, and the MIF for total clay minerals is
7.72.
The relative proportion of total clay was apportioned to individual clay minerals by
employing MIFs for smectite (3.00), kaolinite (2.25) and illite (6.00) published by Cook et al.
(1975).  MIFs were applied to (001) peak intensities and unsmoothed XRD data collected from the
<2 µm fraction saturated with ethylene glycol.
RESULTS
Whole Rock Analysis
In general, the samples can be divided on the basis of their diffractogram patterns.  The first
typical pattern is associated with 55 samples from the lower stratum and the two middle strata (FE1,
FE2, and FE3).  A typical example of this pattern is illustrated in Figure 2.1, the diffractogram
generated by sample P10.  Three prominent reflections are present in all FE strata diffractograms:
1) a broad reflection centered between 13.5 Å to 15 Å (6.5o to 5.9o 2θ), 2) a well-defined peak at
3.34 Å (26.7o 2θ), and 3) a broad band with multiple peaks extending from approximately 19o to
24o 2θ (4.7 to 3.7 Å).  Peak decomposition of the 19o to 24o 2θ (4.7 to 3.7 Å) region reveals five
overlapping reflections with d-values of approximately 4.47 Å (19.9o 2θ), 4.32 Å (20.5o 2θ), 4.25 Å
(20.9o 2θ), 4.10 Å (21.6o 2θ), and 3.87 Å (23o 2θ).  Low intensity peaks at approximately 10 Å
(8.8o 2θ) and/or 7.2 Å (12.3o 2θ) are observed in approximately one-half of the FE diffractograms,
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and small, but well defined, peaks at approximately 5.69 Å (15.5o 2θ) and 2.95 Å (30.3o 2θ) are
present in approximately one-half of these patterns.
The second typical diffractogram is illustrated in Figure 2.2.  This pattern is produced by 12
samples representing the uppermost clay stratum, PL.  In addition to a well-defined, prominent peak
at 3.34 Å (26.7o 2θ) and a significant, broad reflection centered at approximately 13.5 Å to 15 Å
(6.5o to 5.9o 2θ), PL stratum diffractograms exhibit prominent and well-defined peaks at
approximately 7.2 Å (12.3o 2θ) and 3.6 Å (24.7o 2θ).  Typically, the broad band observed in FE
patterns between 19o 2θ and 24o 2θ (4.7 Å to 3.7 Å) is slightly less broad (19o 2θ to 22.5o 2θ or
4.7 Å to 3.9 Å) and highly asymmetrical, skewed to the low-angle side.  Peak decomposition of the
XRD curve between 19o 2θ and 22.5o 2θ (4.7 Å and 3.9 Å) yields four overlapping peaks with d-
values of approximately 4.47 Å (19.9o 2θ), 4.35 (20.4 o 2θ), 4.26 Å (20.8o 2θ), and 4.15 Å















Figure 2.1  Whole-rock diffractogram of sample P10, typical of FE strata samples.
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PL diffractograms, and small reflections near 5.69 Å (15.5o 2θ) and 2.95 Å (30.3o 2θ) are seen in
one-third of these patterns.
Clay Mineral Analysis
Figures 2.3 and 2.4 illustrate typical XRD results for the <2 µm size fraction.  All air-dried
samples, regardless of stratigraphic position, produce a prominent broad reflection centered between
13 Å and 15 Å (6.8o 2θ and 5.9o 2θ) and a small peak near 10 Å (8.8o 2θ).  The 13 Å to 15 Å
(6.8o 2θ and 5.9o 2θ) peak shifts to approximately 17 Å (5.2o 2θ) following saturation with ethylene
glycol and collapses at least partially after heating to 300 oC for one hour.  Heating to 550 oC results
in total collapse of the 17 Å (5.2o 2θ) peak.  There is no discernable shift in the 10 Å (8.8o 2θ) peak
with glycolation or heat treatments, but an increase in intensity occurs after heating to 550 oC.
All but two samples produce a reflection near 7.2 Å (12.3o 2θ).  This peak is relatively minor














Figure 2.2  Whole-rock diffractogram of sample P19, typical of PL stratum samples.
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stratum (Figure 2.4).  The 7.2 Å (12.3o 2θ) peak is not affected by glycolation or the first heat



















Figure 2.3  X-ray diffraction patterns of sample P03, <2 µm fraction, typical of FE strata
samples.
Figure 2.4  X-ray diffraction patterns of sample P21, <2 µm fraction, typical of PL stratum
samples.
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Diffractograms from the FE strata <2 µm fraction typically exhibit a broad band centered at
approximately 21.5o 2θ (4.1 Å).  This peak is prominent in samples from FE1 but is typically less
significant in samples from the FE2 and FE3 strata.  In all cases, the band persists through all
sample treatments essentially unchanged in position, intensity, and shape.  Samples from the PL
stratum generally do not produce a reflection in this region (Figure 2.4).
Peak-fitting reveals from one to five overlapping peaks contributing to this band.  All FE
samples produce a peak at approximately 4.10 Å, and all but two samples produce an additional,
smaller, reflection at approximately 4.32 Å (20.5o 2θ).  Additional peaks may occur at
approximately 4.25 Å (20.9o 2θ), 4.47 Å (19.9o 2θ), and 3.87 Å (23o 2θ), but these peaks are always
subordinate to the 4.10 Å (21.6o 2θ) peak.
Approximately one-fifth of the <2 µm diffractograms include small peaks at 5.69 Å
(15.5o 2θ) and 2.95 Å (30.3o 2θ).  These peaks are unaffected by glycolation and are destroyed by
heating to 550 oC.
Examination of the (060) reflections reveals from one to three peaks.  Each sample analyzed
exhibits a prominent broad reflection at approximately 1.50 Å (61.8o 2θ).  All but two samples
examined show evidence of an additional minor peak at approximately 1.54 Å to 1.55 Å (60.1o 2θ
to 59.6o 2θ).  Four samples produce a distinct minor peak at approximately 1.52 Å (60.9o 2θ).
DISCUSSION
Qualitative Mineralogy
All Twiggs samples examined in this study contain smectite.  The consistent 17 Å d-value
(5.2o 2θ) following glycolation suggests minimal interlayering in the smectite phase.  A number of
samples presented highly asymmetrical 10 Å (8.8o 2θ) peaks following heating to 550 oC.  Peak
decomposition of the asymmetrical reflection suggests the possibility of two overlapping peaks in at
least thirteen samples: a main peak located at approximately 10 Å (8.8o 2θ) and a much smaller
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peak at 11.5 Å (7.7o 2θ).  This suggests the possibility of minor amounts of hydroxy-interlayered
vermiculite-smectite.  All samples examined for (060) reflections exhibit a peak at approximately
1.50 Å (61.8o 2θ) indicating a dioctahedral smectite.  Rodriguez et al. (1982) examined samples of
the Twiggs Clay from central Georgia and concluded, on the basis of color and the Greene-Kelly
test, that the smectite component comprised approximately equal proportions montmorillonite and
beidellite.
Quartz is ubiquitous in whole rock samples; identification is based on reflections at 3.342 Å
and 4.247 Å (26.7o 2θ and 20.9o 2θ).  Kaolinite and illite/mica are identified on the basis of their
(001) and (002) reflections.  Kaolinite and illite/mica are detected in approximately one-half of the
whole rock samples.  However, both phases are present in the <2 µm fraction in quantities sufficient
for detection in virtually every sample.  Kaolinite is not detected in the clay fraction of only two
samples (P01 and B28).
A major characteristic typical of both whole rock and clay fraction diffractograms is the
broad, multi-peaked reflection extending from approximately 19o 2θ to 24o 2θ (4.7 Å to 3.7 Å).
This region encompasses several peaks produced by mineral phases confirmed present in these
samples including smectite (100), quartz (100), kaolinite (110) and (111).  Also found within this
region are the primary reflections produced by the disordered silica phases cristobalite (101) and
tridymite (404), (112), and (402).  "Cristobalite" was first identified in Twiggs samples by Brindley
(1957), and this study confirms that disordered silica is a significant component of the three FE
Twiggs strata.  Identification of opal in the FE samples is discussed below, and the phase is
discussed more detail in Chapter 3.
In all bulk samples, the observed 19o 2θ to 24o 2θ (4.7 Å to 3.7 Å) pattern could be modeled
effectively with either four or five peaks attributed to quartz, smectite, a disordered silica phase,
and/or kaolinite.  In general, samples from the FE strata are best modeled by five peaks located at
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approximately 4.47 Å (19 o 2θ), 4.25 Å (20.9 o 2θ), 4.32 Å (20.5 o 2θ), 4.105 Å (21.6 o 2θ), and
3.87 Å (23 o 2θ).  The first two peaks correspond to smectite (100) and quartz (100).  The remaining
three peaks best fit the d-values assigned to tridymite (112), (404), and (402).  Figure 2.5 illustrates
typical results of profile-fitting a FE sample with five peaks.  Ideal peak positions of identified
mineral phases are shown for comparison.
Residuum values for five-peak profile models range from 8.1 % to 18.5 % and average
11.6 %.  High residuum value generally corresponds to more asymmetrical reflections, typically
produced by FE3 stratum samples.  The major contributor to the high-angle side (> 21.5o 2θ or
4.1 Å) of the deflection is disordered silica.  As this phase diminishes in importance, the XRD band



















Figure 2.5  Whole-rock diffractogram of sample B20 from FE1 stratum showing a typical
profile-fit of the 19 o to 24o 2θ band with five peaks.  Mineral phases are identified by:
S=smectite, T=tridymite, Q=quartz.  Vertical lines labeled with hkl and d-value correspond to
IUDD PDF peak data for mineral phases identified in the samples. Numbers above peaks
refer to discussion in Chapter 3.
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kaolinite (111) and (110) become significant contributors to the observed pattern and must be added
to a profile model.  The number of reflections contributing to the observed XRD curve eventually
exceeds the limits of the peak fitting function.
Whole-rock samples containing little or no disordered silica and significant kaolinite,
generally from the PL stratum, are best modeled with four peaks located at approximately 4.47 Å
(19.9 o 2θ), 4.25 Å (20.9 o 2θ), 4.35 Å (20.4 o 2θ), and 4.15 Å (21.4 o 2θ).  These correspond to
smectite (100), quartz (100), kaolinite (110), and kaolinite (111) reflections.  Figure 2.6 illustrates a
typical profile-fit of a PL stratum sample with four peaks.  Ideal peak positions for identified
mineral phases are shown for comparison with modeled peaks.  Residuum values for four-peak
profile models range from 11.6 % to 16.9 % and average 13.9 %.
Examination of the oriented sample diffractograms reveals that the 190 2θ to 24o 2θ (4.7 Å to












Figure 2.6  Whole-rock diffractogram of sample P21 from PL stratum showing a typical
profile-fit of the 19 o to 23o 2θ band with four peaks.  Mineral phases are identified by:
S=smectite, K=kaolinite, Q=quartz.  Vertical lines labeled with hkl and d-value correspond
to IUDD PDF peak data for mineral phases identified in the samples.
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clay mineral diffractograms of 12 PL stratum samples.  The size and shape of the 19 o 2θ to 24o 2θ
(4.7 Å to 3.7 Å) band is quite variable.  It is likely that where opal is present in the <2 µm fraction,
the non-planar nature of the silica crystallites disrupts the preferred orientation of the clay minerals,
allowing diffraction from other than basal planes. As the proportion of non-clay minerals increases,
diffraction from non-basal planes also increases, with a corresponding increase in the width of the
reflection between 19 o 2θ and 24o 2θ (4.7 Å to 3.7 Å).
Peak fitting reveals from one to five peaks, with more peaks required to fit broader
reflections.  In all cases, a prominent peak located at approximately 4.10 Å (21.6 o 2θ) is present.
For two samples from FE3, this peak alone effectively models the observed XRD curve.  Two
additional samples, also from FE3, are best modeled by a 4.10 Å (21.6 o 2θ) peak with a smaller
4.32 Å (20.5 o 2θ) peak.  These d-values correspond to tridymite (404) and (112) reflections.  The
remainder of clay fraction diffractograms present a broader band that is best modeled by three to
five peaks.  The additional peaks are always small relative to the 4.10 Å (21.6 o 2θ) peak.  They are
located at approximately 4.25 Å (20.9 o 2θ) and 4.47 Å (19.9 o 2θ) and are attributed to quartz (100)
and smectite (100).
In the broadest bands, typically from the FE1 stratum, a fifth peak is located at
approximately 3.87 Å (23 o 2θ).  This peak is typically very broad and low and often is
asymmetrical.  This peak may correspond to tridymite (402), but several other low intensity
reflections are also found near this location.  The 3.87 Å (23 o 2θ) peak suggested by peak fitting
may be a composite of several minor reflections including tridymite (402) and (311), and possibly
kaolinite (021).
Apatite is identified in several FE1 samples by small but well-defined peaks at 2.8 Å
(32 o 2θ), 2.7 Å (33.2 o 2θ), and 3.44 Å (25.9 o 2θ), and hematite is suggested by a small, relatively
broad peak at 2.7 Å (33.2 o 2θ).  The Twiggs clay is often described as calcareous or marly, and
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previous XRD studies have identified calcite and sulfides in Twiggs samples (Shearer, 1917; Hurst,
1979; Weng, 1995).  However, this study produced no convincing evidence of carbonates, either
through XRD or testing with dilute HCl.
The small reflections produced by some samples at 5.69 Å (15.5 o 2θ) and 2.95 Å (30.3 o 2θ)
are not yet assigned to any mineral phase.  Peak positions and the temperature of dehydroxylation
correspond moderately well with alunite; however, several relatively strong alunite lines, notably
2.29 Å (39.3 o 2θ), 4.96 Å (17.9 o 2θ), and 1.93 Å (47 o 2θ), are not observed.  Furthermore, the
observed 5.69 Å (15.5 o 2θ) peak maxima typically approaches 100 % of the 2.95 Å (30.3 o 2θ)
maxima, much higher than expected from alunite.  Likewise, phosphates such as crandallite produce
reflections near those observed, but the relative intensities of the two peaks do not correspond well
with crandallite, and a number of moderately strong crandallite reflections are not present.
Quantitative Representation of Mineralogy
The Twiggs clay has varying proportions of smectite, quartz, illite/mica, kaolinite, and a
disordered silica phase.  Significant differences exist in the relative proportions of the various
constituents, particularly smectite, kaolinite, and opal, and these differences can be used to
characterize the four strata.  Mineral abundances in the four strata are summarized in Table 2.1 and
presented graphically in Figures 2.7, 2.8, and 2.9.
The three FE strata are similar in mineralogy, composed largely of disordered silica, clay
minerals, and quartz.  Disordered silica is predominant in most samples.  The relative proportion of
this phase averages 41 % and exceeds 50 % in approximately one-third of the FE samples.  Only
five FE samples contain less than 20 % opal, and all five represent the margins of the FE lens.  Four
of these samples represent the thin FE2 stratum at the periphery of the clay lens, and the fifth
sample represents the uppermost section of the FE3 stratum.
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Clay minerals are dominated by smectite, which represents on average 39 % of sample
mineralogy.  Kaolinite and illite/mica together represent less than 10 %, with kaolinite typically
more abundant than illite/mica.  Although no systematic relationship is observed between mineral
composition and stratigraphic position, more smectite-rich and kaolinite-rich samples are most often
associated with higher stratigraphic positions in the FE2 and FE3 strata.
Table 2.1  Relative % of Major Constituents
Stratum Quartz Opal Smectite Illite Kaolinite
Ave 13.2 0.0 39.2 3.8 43.9
Range 15.5 0.0 49.1 3.0 38.7PL
Std Dev 4.7 0.0 13.0 1.0 10.0
Ave 9.7 33.4 46.3 2.6 8.0
Range 27.9 40.1 37.4 3.3 17.7FE3
Std Dev 8.4 12.0 12.0 1.0 6.6
Ave 9.9 25.0 52.8 4.5 7.8
Range 13.0 35.3 23.9 3.4 17.4FE2
Std Dev 3.7 12.0 7.3 1.4 6.6
Ave 9.9 48.5 32.8 4.9 3.9
Range 22.3 41.4 43.3 9.8 17.6FE1
Std Dev 5.9 10.7 9.8 2.4 3.6
Quartz typically accounts for less than 10% of sample mineralogy and exceeds 20 % in only
three samples.  Relatively higher proportions of quartz are often associated with basal FE1 samples,
where sandy partings separate centimeter-scale laminations.  Samples from the upper margin of the
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"Opal" Smectite Illite Kaolinite Quartz
FE 1 PL
Figure 2.8  Mineral composition of Pilcher samples.
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Tests of correlation among the major components reveal an inverse relationship between
disordered silica and total clay content, with a correlation coefficient of –0.92.  This is attributed to
a strong correlation with smectite (r=-0.79) and a somewhat less strong correlation with kaolinite
(r=-0.59).  The relative proportions of quartz and illite/mica are independent and not correlated to
any other constituents.
Although three FE strata are evident in the field, mineralogic distinction of three strata is not
obvious from XRD (Figure 2.7).  Vertical homogeneity of the FE strata was tested with a two-
sample t-test.  Statistical comparison of FE2 with FE3 reveals no statistically significant difference
in the relative proportion of any constituent at α = 0.05, with the exception of illite/mica, a
relatively minor component of both strata.  In contrast, comparison of FE1 with FE2 and FE3
indicates that lower stratum is significantly more opal-rich and contains significantly less smectite
and kaolinite than FE2 and FE3.  No significant difference was found for quartz and illite/mica.
This suggests that the lowest Twiggs stratum, FE1, is distinct in terms of mineralogy,
























































"Opal" Smectite Illite Kaolinite Quartz
FE 1 FE 2
Figure 2.9  Mineral composition of South Bynes samples.
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middle two Twiggs strata, FE2 and FE3, are mineralogically similar but are distinguished from one
another in the field on the basis of color and texture.  Abundant orange-red staining in FE3 produces
an overall orange tint in outcrop.  The color is presumably due to iron oxides-hydroxides, which
may be present in quantities sufficient to affect color and texture but are not revealed by XRD due
to low abundance and poor crystallinity.
To evaluate lateral variability within the Wrens deposit, a two-sample t-test was used to
compare FE1 stratum samples collected from different mines.  The Bell and Pilcher samples
represent thick clay sections near the center of the clay lens.  No significant difference (α = 0.05)
was found for opal, smectite, quartz, or kaolinite in the FE1 samples collected from these two
mines.  Illite/mica is statistically more abundant in Bell FE1 samples, although it is not a major
phase in any sample.  This suggests that the mineral composition of the lowest Twiggs stratum is
relatively homogenous within the clay lens.
The South Bynes samples were collected from the periphery of the Twiggs lens where the
clay section is barely two meters thick.  By design, a comparison of mineralogy at the lens interior
with the lens margin must be based on a relatively small number of marginal samples (nSB = 6) and
FE2 stratum samples (nBell = 4).   However, the FE1 and FE2 samples from the periphery appear to
be different from those from the interior.  The South Bynes FE1 samples are composed of
significantly more opal and less total clay than Pilcher or Bell samples, while the reverse is seen in
the FE2 stratum.  This suggests that while similar in overall composition, the relative proportions of
various components, particularly opal and clay, may be different at the margins of the Twiggs Clay
lens relative to the lens interior.
Mineralogically, the most striking contrast is seen between the uppermost PL stratum and
the three underling FE strata.  In the field, this is most evident in the Pilcher mine (Figures 1.17 and
2.8) where erosion has removed FE2 and FE3, and the PL stratum fills scour features and rests
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directly on the FE1 stratum.  The abrupt change in color and texture reflects a shift to clay-
dominated mineralogy.  Disordered silica, prominent in the FE strata, is not detected in PL samples.
This stratum is composed principally of kaolinite and smectite with lesser amounts of quartz and
minor illite/mica.  Kaolinite and smectite together represent approximately 83 % of sample
mineralogy, on average.  Quartz is relatively more abundant than in the FE strata, but still represents
only 13 % of PL stratum, on average.  The relative proportion of illite/mica is less than four percent
in the PL stratum.
A paired t-test was used to evaluate mineralogic equivalence of paired samples, regardless
of stratigraphic position.  A pair of samples represents an equivalent stratigraphic position, with
horizontal separation of approximately one meter between paired samples.  No significant
difference was found for any constituent at α = 0.05.  Statistical equivalence of paired samples
indicates there is no significant small-scale lateral variation in mineralogy.
Descriptive Classification of the Twiggs Strata
Published descriptions of the Twiggs are quite varied:  from hard and brittle to plastic or
sticky; near-white, to gray, green, brown or almost black; massive to thinly-bedded; marly to
opaline; fossiliferous to fossils rare; "pure" to sandy or calcareous.  This diversity defies a simple
descriptive classification of Twiggs materials, and several different classifications are found in the
literature.  It is clear that a disparity exists between descriptive classification of Twiggs that is
exposed in the overburden of kaolin mines and Twiggs material that has commercial value as
fuller's earth.  Frequently, the Twiggs is classified as either "weathered" or "unweathered", although
the two terms are not applied consistently.  "Weathered" Twiggs is a fuller's earth type Twiggs,
according to Rodriguez et al. (1982), where the carbonates, sulfides, and organic matter have been
removed from the original "unweathered" Twiggs.  However, according to Weng (1995), opal-rich,
fuller's earth type Twiggs is the "unweathered" variety.
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Weng (1995) identified four types of Twiggs materials that are generally present in an
upward sequence from calcareous clay to gray clay, green clay, and brown sandy clay.  Transition
from one type to another is gradational, and opal is a major component only of the gray clay.  Weng
noted that samples collected from an active fuller's earth mine were unlike samples collected from
overburden in kaolin mines in that the fuller's earth Twiggs is lighter in color and density and also
includes purple clay not noted elsewhere.
Most often, the Twiggs is classified into two facies that are generally assigned to
eastern/updip locations and western/downdip locations.  According to this system, the
western/downdip facies is montmorillonite-rich, sandy, calcareous, and fossiliferous.  Interbeds of
limestone or marl are present and glauconite is common.  The eastern/updip facies is smectite-rich
and opaline with fine sand and mica.  Calcite and glauconite are uncommon, as are fossils other
than siliceous microfossils (Shearer, 1917; Huddlestun and Hetrick, 1979; Schmidt and Wise, 1982;
Long et al., 1986; Hetrick, 1992).  Hetrick (1992) expanded the two-facies classification to include
a local variant of the eastern/updip facies.  This variant is described as a hard, brittle, near-white
clay composed primarily of cristobalite.
There is some similarity, although not perfect correlation, between the eastern/updip facies
and fuller's earth type Twiggs and also between the western/downdip facies and non-commercial
Twiggs material.  The descriptions of commercial fuller's earth type Twiggs given by Rodriguez et
al. (1982) and Brindley (1957) are similar to the mineralogic description of the eastern/updip facies,
although fuller's earth Twiggs is not restricted to "eastern" locations, and not all eastern-facies
Twiggs has commercial value.  Where the Twiggs has no commercial value, it is typically described
as calcareous, glauconitic, and fossiliferous (Shearer, 1917).  This type Twiggs closely resembles
the western/downdip facies in mineralogy, although it is not restricted to "western" locations but is
found across the Twiggs outcrop belt.
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None of the samples examined in this study resemble the western facies, but the lower and
middle Twiggs strata (FE1, FE2, and FE3) are generally similar to the eastern/updip facies:  light
color, low density, smectitic, opaline, lacking in carbonates, and typically non-fossiliferous.
Although the FE samples examined here are similar to the eastern/updip facies in overall mineral
composition, the relative proportions of various constituents, particularly opal and smectite, are
different from previously published reports.  Rodriguez et al. (1982) estimates the mineral
composition of fuller's earth Twiggs to be 50 % smectite, 30 % opal, 15 % quartz, and 5 % other
minerals.  By contrast, the FE samples described here are significantly more opaline, with this phase
generally at least as abundant as smectite.  The relative abundance of disordered silica exceeds 50 %
in many samples; this is much higher than previously recognized in the Twiggs.  The lowest
stratum, FE1, is especially opal-rich, with the relative proportion of this phase less than 30 % in
only two samples.  The FE strata probably correspond to the eastern/updip variant facies which is
described by Hetrick (1992) as highly opaline, very light in color, hard, and brittle.
The PL stratum also is unique and may be equivalent to the purple clay that was noted, but
not described, by Weng.  The PL samples are kaolin-rich and contain neither opal nor carbonates.
They are not like any other published descriptions of the Twiggs materials in terms of color, texture,
and mineralogy.  Kogel et al.(2000) observe that deeply weathered Twiggs is mottled brownish red.
However, the disconformable relationship of PL with the underlying strata makes it unlikely that PL
is a weathering product.  Rather, the PL stratum represents a distinct smectite-kaolin facies.  It is
found above a prominent erosional surface near the top of the Twiggs clay section.  Presumably this
stratum exists only in the Wrens area, as its presence in other areas is not recorded in the literature.
SUMMARY
XRD examination of Twiggs Clay samples from the Wrens deposit reveals that the four
strata observed in the field consist of two distinct mineralogic assemblages.  The lower three strata
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are mineralogically similar and represent the first mineralogic assemblage.  These strata consist
predominantly of disordered silica and smectite with lesser amounts of quartz, illite/mica, and
kaolinite.  The smectite is dioctahedral, and the disordered silica phase is stable at least to 550 oC.
The abundance of smectite and opal are negatively correlated.  The uppermost stratum, PL,
represents the second mineralogic assemblage.  Samples from PL are composed predominantly of
kaolinite and smectite with lesser amounts quartz.  Illite/mica is a minor component, and disordered
silica is not detected.
Although there is no evidence of a systematic shift in mineralogy with stratigraphic position,
there is some evidence of vertical variability.  The basal stratum, FE1, contains relatively more opal
and less smectite than the overlying FE2 and FE3.  However, the middle two strata, FE2 and FE3,
are mineralogically similar and cannot be distinguished from one another on the basis of XRD.
Laterally, the interior of the clay lens appears to be relatively homogenous with no evidence of
small-scale horizontal variability and no significant differences noted between samples sets from
the center of the lens.
Mineralogy of the Twiggs clay is quite varied across the outcrop belt, and descriptive
classification is challenging.  The FE1, FE2, and FE3 strata examined in this study are similar in
overall mineral composition to the eastern/updip facies.  However, the FE strata described here are
unique in that they contain substantially more disordered silica than previously published reports of
the Twiggs suggest.  The FE strata likely belong to the variant facies described by Hetrick (1992).
The PL stratum is mineralogically unlike any published description of the Twiggs.  This stratum is
present locally above a prominent erosional surface near the top of the Twiggs section and
represents a primary deposit, not fuller's earth residuum.
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DISORDERED SILICA WITH TRIDYMITE-LIKE STRUCTURE IN THE
TWIGGS CLAY
INTRODUCTION
Disordered silica is widespread among different rock types, including many sedimentary
rocks formed under low-temperature conditions.  The source of the silica may be volcanic but is
most commonly biogenic (Kastner, 1979).  Diatoms, radiolaria, and sponges extract silica from
typically undersaturated waters, possibly through enzymatic reactions, and produce siliceous
skeletons and ornate frustules of amorphous silica (Blatt et al., 1972; Williams and Crerar, 1985).
Accumulations of biogenic sediments undergo varying degrees of diagenetic transformation, and
depending on the extent of alteration and impurities present, become diatomites, porcellanites,
siliceous shales, and cherts (Murata and Nakata, 1974).
The diagenetic transformation of amorphous silica is the subject of many studies including
Murata and Larson (1975), Mizutani (1977), Keller (1984), Williams and Crerar (1985), and Rice et
al. (1995).  The general diagenetic sequence is transformation from an amorphous phase to
progressively more ordered structures.  Intermediate disordered structures are believed to consist of
both cristobalite and tridymite domains.  Increased structural order is achieved through the loss of
tridymite stacking, as the structure becomes more cristobalite-like.  With continued burial,
metastable cristobalite stacking gives way to cryptocrystalline quartz.  These transformations are
believed to occur through solution-precipitation occurring at relatively low temperatures (50 oC –
110 oC) (Murata and Larson, 1975; Keller, 1984; Williams and Crerar, 1985), although evidence of
solid-state transformation of amorphous silica to a partially ordered phase is presented by Mizutani
(1977).
Most often, X-ray diffraction (XRD) provides the basis for identifying the low-temperature
silica polymorphs; however, very small crystallite sizes, disorder within the framework, and the
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presence of multiple interfering phases present challenges in interpreting the characteristically
broad, low-intensity XRD reflections of partially ordered structures.  Techniques other than XRD,
including transmission electron microscopy (TEM), infrared microscopy (IR), and nuclear magnetic
resonance spectroscopy (29Si MAS NMR), have been utilized (Wilson et al., 1974; Jones and
Segnit, 1975; Sanders, 1975; de Jong et al., 1987; Rice et al., 1995), but these efforts have resulted
in differing and sometimes conflicting interpretations, and the structure of disordered silica remains
imperfectly understood.
The low-temperature polymorphs of silica are most often classified according to the three-
fold classification scheme developed by Jones and Segnit (1971).  This scheme uses crystal
structure as revealed by XRD to classify disordered silica into three categories.  The first category,
opal-a, is a highly disordered phase that exhibits a single broad XRD hump centered near 4.1 Å
(21.6o 2θ) (Figure 3.1a).  Biogenic opal and many gem opals fall into this category (Jones and
Segnit, 1971).  Silica of the second category, opal-c, is the most ordered structurally, as evidenced
by four easily defined XRD reflections that correspond to the four most intense reflections of
cristobalite at 4.04 Å (22o 2θ), 3.14 Å (28.5o 2θ), 2.84 Å (31.5o 2θ), and 2.47 Å (36.1o 2θ) (Figure
3.1c).  The third category, opal-ct, is intermediate to opal-a and opal-c in terms of structural order
and is the most common form of disordered silica in marine sediments (Kastner, 1979).  The XRD
signature of opal-ct consists of three broad reflections at approximately 4.05 Å to 4.10 Å (22o 2θ to
21.6o 2θ), 4.25 Å to 4.35 Å (20.9o 2θ to 20.4o 2θ), and 2.50 Å (36o 2θ) (Figure 3.1b).  These
positions correspond roughly to reflections produced by cristobalite and opal-c, but also include
additional reflections that correspond to the positions of the stronger tridymite lines (Figure 3.1d
and 3.1e).  The reflections of opal-ct are more diffuse and less intense than opal-c, owing to its
relatively less ordered structure (Jones and Segnit, 1971).
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Most commonly, the structure of opal-ct is interpreted as coexistence of cristobalite and
tridymite domains, either interstratified or as separate crystallites in an amorphous matrix.  This
interpretation is found in the literature at least as early as 1955 (Florke, 1955, in Jones and Segnit,















Figure 3.1  X-ray diffraction patterns of:  a)  opal-a, b) opal-ct, c) opal-c, d) cristobalite, and
e) tridymite.  In figure 3.1a, Q indicates quartz (101) peak superimposed on opal-a pattern.
Modified from Elzea et al., (1994).
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Rice, 1996).  The most intense opal-ct peak, located near 4 Å (22o 2θ), represents a composite of
cristobalite (101) and tridymite (404) reflections, with the position of the peak reflecting the relative
proportion of the two polymorphs.  A progressive decrease in the peak's d-value from near 4.11 Å
(21.6o 2θ) to approximately 4.04 Å (22o 2θ) is documented by Murata and Larson (1975) and
Mizutani (1977).  Concurrent with this shift is progressive sharpening of the peak and appearance of
cristobalite peaks at 3.14 Å (28.5o 2θ) and 2.84 Å (31.5o 2θ).  These changes are believed to
represent a progressive increase in structural order during diagenesis that is achieved through
preferential growth of cristobalite relative to tridymite (Williams and Crerar, 1985).
This structural model is challenged by de Jong et al. (1987), who examined eight natural
opals and one synthetic opal using XRD and 29Si MAS NMR.  They observed that the broad opal-ct
NMR spectra more closely resembled that of amorphous silica rather than crystalline silica
polymorphs, suggesting that the local silica arrangement in opal-ct is comparable to amorphous
silica.  The observed opal-ct NMR spectra could not be duplicated by superposition of the spectra of
cristobalite and tridymite.  They propose that the XRD pattern of opal-ct is not produced by line
broadening due to cristobalite and tridymite microcrystallites, but indicates long-range ordering of
oxygen atoms.  This long-range ordering of the oxygen array is achieved before short-range
ordering of silicon is established.
The results of subsequent investigations are consistent with the earlier hypothesis that opal-
ct consists of cristobalite and tridymite intergrowths.  Guthrie et al. (1995) simulated XRD patterns
of interstratified cristobalite and tridymite.  Simulated XRD patterns corresponded closely to
patterns produced by natural opal-ct samples.  Their work indicates that both random and ordered
interstratifications are found in disordered silica, and that the 41 o 2θ to 45o 2θ (2.2 Å to 2.0 Å) band
is sensitive to the ordering state, with a peak produced near 43o 2θ (2.1 Å) with ordering.
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Elzea and Rice (1996) examined 24 opals using HRTEM and XRD.  They found a
continuous range of d-values from 4.03 Å to 4.11 Å (22o 2θ to 21.6 o 2θ), consistent with
intergrowth of cristobalite and tridymite.  However, they found no evidence of a clear separation
between opal-c and opal-ct as suggested by Jones and Segnit.  Rather, they propose that the
structure of opal-ct is a continuous series of disordered intergrowths from dominantly cristobalite-
like to a “hypothetical tridymite-like end member phase” (p. 495).
This paper presents evidence of a tridymite-like end member identified in silica rich samples
of the Twiggs Clay of Georgia.  The Twiggs is a late Eocene marine claystone found in central and
eastern Georgia (Figure 1.1).  Mineralogically, the Twiggs varies from smectitic and calcareous to
opaline (Shearer, 1917; Huddlestun and Hetrick, 1979).  This study examines samples of an
especially siliceous facies of the Twiggs originally described by Hetrick (1992).  These samples
consist predominantly of smectite, disordered silica, and quartz.  The opal occurs as spherical
aggregates, typically less than 5 µm in diameter, and is clearly biogenic in origin.  Molds of diatom
frustules and sponge spicules are easily visible with SEM (Figure 3.2) where the arrangement of
lepispheres preserves the morphology of diatom frustules.
Peak deconvolution of the XRD curve suggests that the structure of the disordered silica in
the Twiggs Clay is most like that of tridymite.  This is at odds with the most widely used silica
classification scheme in which disordered silica consists of a mixture of cristobalite and tridymite
domains.  These samples appear to represent a relatively simpler structure dominated by tridymite-
like domains.  There is no place in the current classification for a low-temperature polymorph with a
predominantly tridymite-like structure.
METHODS
Samples were collected from exposed walls in three former fuller's earth mines near Wrens,
Georgia (Figure 1.1).  Pairs of samples were collected from the base of the exposure through the
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entire clay section.  Approximately one meter (3 ft) horizontally separated paired samples.  Vertical
spacing between sample pairs was also approximately one meter (3 ft).  To avoid superficial
weathering, samples were taken from approximately one foot behind the exposed surface.  Although
the samples represent four distinct clay zones, the upper stratum lacks disordered silica and is not
discussed here.
Fifty-four samples were examined by XRD as whole rock powders.  These were prepared by
processing approximately two grams of sample in ten milliliters ethanol in a McCrone micronizing
mill for three minutes.  Micronized samples were dried at 60 oC, and then disaggregated using an
agate mortar and pestle.  Randomly oriented samples were prepared by back-loading the powder




Figure 3.2  Centric and colonial diatom forms preserved in lepispheric silica of Twiggs clay.
Possible sponge spicule is visible on the right side of photo of sample P13lta.
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For investigation of the clay mineral assemblage, a representative sample split was dispersed
in a 0.1 %, by weight, sodium phosphate solution.  The size fraction equivalent to <2 µm spherical
diameter of quartz was extracted from the upper five centimeters of the suspension after settling for
three hours and ten minutes as determined by Stoke's Law.  An IEC-HT high-speed centrifuge was
used to concentrate the extracted clay.  The clear supernate was poured off and the clay paste was
thoroughly blended with an aluminum spatula.  Oriented sample smears were prepared on glass
slides using a technique similar to that described in Moore and Reynolds (1997).  Four XRD
patterns were generated from each oriented smear:  1) in air-dried condition, 2) after saturation with
ethylene glycol, 3) after exposure to 300 oC for one hour, and 4) after exposure to 550 oC for one
hour.
All XRD data were collected on a Siemens D5000 diffractometer operating at 40 kV and 20
mA and equipped with a copper anode, Kevex solid-state detector, one-degree divergence slit, and
spinning sample stage.  The scan rate was two seconds per 0.02o 2θ increment for whole rock and
clay mineral analysis.  Whole rock samples were scanned from 2o to 70o 2θ, and the clay minerals
were examined from 2o to 35o 2θ.
Interpretation of XRD data was facilitated by the use of MacDiff version 4.2.5 (Petschick,
2001).  Whole rock diffractograms were corrected to the quartz peak at 3.34 Å (26.7 o 2θ).  Mineral
phases were identified by comparison of XRD data with IUDD standards.  Clay minerals were
identified by comparing peak position and intensity in air-dried state, glycolated state, and after heat
treatments, as outlined in Poppe et al. (2001).
Peak analysis was accomplished through the peak fit function of MacDiff, using the Split
Pearson VII peak shape function and unsmoothed data.  Peak boundaries were user-defined for
greater consistency among samples.  In addition to single-peak fit, MacDiff allows for
discrimination of up to seven superimposed reflections.  For each reflection, the peak shape
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function approximates the peak position, intensity, and FWHM.  The fit is improved through least
squares refinement.  Up to 100 refinement iterations are permitted; however, for this investigation
refinement was limited to 20 iterations because little, if any, improvement was noted after 20
iterations.  The quality of the fit is measured by the residuum, the discrepancy between the modeled
curve and the observed curve expressed as a percent.
It was evident from the shape of the curve that at least three reflections contribute to the
19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å) band.  Multiple attempts were made to model the observed whole
rock XRD curve between 19 o 2θ and 24o 2θ (4.7 Å and 3.7 Å) by inserting a minimum of three
peaks up to the maximum permitted seven peaks.  Increasing the number of reflections usually
produced lower residua, but sometimes resulted in unjustified shifts in peak positions.  In selecting
the overall best representation of the observed data, primary consideration was given to rational
peak positions for mineral phases identified in the samples and secondary consideration to residuum
value.
RESULTS
Whole rock samples typically yield an XRD pattern similar to that in Figure 3.3.  Three
prominent reflections are characteristic:  a well-defined peak at 3.34 Å (26.7 o 2θ), a broad reflection
centered between 13 Å and 15 Å (6.8 o 2θ and 5.9 o 2θ), and a broad band with multiple peaks
extending from approximately 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å).  The 13 Å to 15 Å (6.8 o 2θ and
5.9 o 2θ) peak expands to 17 Å (5.2 o 2θ) following saturation with ethylene glycol and collapses at
least partially to 10 Å (8.8 o 2θ) after heating to 300 oC.  Total collapse occurs with heating to
550 0C.  The 3.34 Å (26.7 o 2θ) peak and 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å) band are not affected by
glycolation or the heat treatments.
Additional reflections of lower intensity at approximately 10 Å (8.8 o 2θ) and 7.2 Å
(12.3 o 2θ) are observed in approximately one-half of the whole rock diffractograms and virtually all
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of the clay mineral diffractograms.  Neither peak is affected by glycolation.  The 7 Å (12.3 o 2θ)
peak is destroyed by 550 oC; the 10 Å (8.8 o 2θ) peak increases in intensity after heating.
The most distinguishing characteristic of the whole rock sample diffractograms is the broad
band extending from approximately 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å).  Peak decomposition of this
region reveals five overlapping reflections, as illustrated in Figure 3.4.  The largest reflection is a
relatively broad peak centered at approximately 4.11 Å (21.7 o 2θ).  A much sharper reflection is
located at 4.25 Å (20.9 o 2θ), and two additional broad reflections are centered near 4.32 Å
(20.5 o 2θ) and 4.47 Å (19.9 o 2θ).  Typically, the reflection at 4.32 Å (20.5 o 2θ) is subordinate in
peak intensity and area.  The fifth reflection is typically a very broad, low-intensity hump centered
at approximately 3.87 Å (23 o 2θ).  The residuum averages 11.6 % and ranges from 8.1 % to 18.5 %.
Higher residuum values generally correspond to more asymmetrical reflections, typically produced
by samples from higher stratigraphic position.
In the clay mineral diffractograms, the shape and size of the XRD band between 19 o 2θ and















Figure 3.3  Whole-rock diffractogram of sample P10, typical of FE strata samples.
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produce broader, more complex reflections, and samples from relatively higher stratigraphic
position produce smaller, simpler reflections.  In all cases, the position, shape, and intensity of the
reflection are essentially unchanged by glycolation or temperatures of 550 oC.
Peak fitting of the clay mineral diffractograms reveals from one to five peaks contributing to
the observed 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å) curve, with more peaks required to fit broader
reflections.  In all cases, a broad peak is centered near 4.10 Å (21.6 o 2θ).  All but two samples
produce an additional, smaller reflection at approximately 4.32 Å (20.5 o 2θ).  Additional peaks, if
present, are located at approximately 4.25 Å (20.9 o 2θ), 4.47 Å (19.9 o 2θ), and 3.87 Å (23 o 2θ);
however, these peaks are always subordinate to the 4.10 Å (21.6 o 2θ) peak.
DISCUSSION
All samples examined in this study are composed predominantly of disordered silica,



















Figure 3.4  Whole-rock diffractogram of sample B20 from FE1 stratum, showing a typical
profile-fit of the 19 o to 24o 2θ band with five peaks.  Mineral phases are identified by:
S=smectite, T=tridymite, Q=quartz.  Vertical lines labeled with hkl and d-value correspond to
IUDD PDF peak data for mineral phases identified in the samples.
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peaks at 3.34 Å (26.7 o 2θ) and 4.25 Å (20.9 o 2θ); kaolinite and illite/mica correspond to the 7.2 Å
(12.3 o 2θ) and 10 Å (8.8 o 2θ) peaks, respectively.  Smectite is identified by the behavior of the peak
at approximately 14 Å (6.3 o 2θ) (Poppe et al., 2001).  Mineral composition of the samples and
quantitative phase analysis are discussed in more detail in Chapter 2.
Most significant to this discussion is the broad XRD band between 19 o 2θ and 24o 2θ (4.7 Å
and 3.7 Å).  Quartz and smectite are unquestionably present in all samples, and both of these phases
produce reflections in the 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å) region.  An acceptable model of the
XRD curve must include a relatively broad peak near 4.5 Å (19.7 o 2θ) attributed to smectite and a
relatively sharp peak at 4.257 Å (20.9 o 2θ) attributed to quartz.  These peaks are identified as peaks
(1) and (2) in Figure 3.4.
Scrutiny of the 21.5 o 2θ to 22o 2θ (4.7 Å to 3.7 Å) region is critical to this investigation
because the most intense reflections of the low-temperature silica polymorphs are found there.
Cristobalite produces its most intense peak at 4.0397 Å (22 o 2θ), and tridymite at 4.107 Å
(21.6 o 2θ) (Figure 3.1d and 3.1e).  For this investigation, the initial assumption was that both
cristobalite and tridymite domains constitute the disordered silica phase in these samples.
Accordingly, the initial attempt to model the observed curve incorporated two peaks that could be
attributed to tridymite (404) and cristobalite (101).  However, this produced generally undesirable
results.  For the majority of patterns, the peaks shifted to irrational positions (Figure 3.5).  In other
patterns, modeled peak positions remained close to 4.04 Å (22o 2θ) and 4.107 Å (21.6 o 2θ), but the
quartz peak at 4.257 Å (20.9 o 2θ) became unreasonably broad and asymmetrical (Figure 3.6).  For
the majority of these samples, the best model of the XRD curve between 21.5 o 2θ and 22o 2θ
(4.13 Å and 4.04 Å) is achieved with a single broad reflection  (Figure 3.4, peak 4).  In individual
samples, the center of the reflection varies from 4.090 Å to 4.141 Å (21.7 o 2θ to 21.5 o 2θ) and on
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average is located at 4.106 Å (21.6 o 2θ).  In all cases, the position of this peak corresponds most




























Figure 3.5  Whole-rock diffractogram of sample B15, showing profile-fit of the 19 o to 24o 2θ
band with:  a) five peaks (disordered silica phase dominated by tridymite-like domains) and b)
six peaks (both tridymite and cristobalite domains present).  In (b), note offset of tridymite
and cristobalite peaks from ideal peak positions (shown by vertical lines), also increased
asymmetry of smectite peak.  Vertical lines labeled with hkl and d-value correspond to IUDD



























Figure 3.6  Whole-rock diffractogram of sample B34, showing profile-fit of the 19 o to 24o 2θ
band with:  a) five peaks (disordered silica phase dominated by tridymite-like domains) and b)
six peaks (both tridymite and cristobalite domains present).  In (b), note increased breadth and
asymmetry of quartz peak. Vertical lines labeled with hkl and d-value correspond to IUDD
PDF peak data.  S=smectite, T=tridymite, C=cristobalite, Q=quartz.
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Five samples (B13, B20, B25, P05, and P06) present possible exceptions to this tridymite-
like structure.  Peak decomposition produces less conclusive evidence of the structure of the
disordered silica phase in these samples.  A single-peak model of these samples' 21.5 o 2θ to 22o 2θ
(4.13 Å and 4.04 Å) XRD curve produces rational peak positions and acceptable residua; however,
similarly acceptable models can be produced by fitting the XRD curve with two peaks assigned to
cristobalite (101) and tridymite (404), as illustrated in Figure 3.7.  In all cases, peak decomposition
reveals a smaller reflection near 4.32 Å (20.5 o 2θ), consistent with tridymite (112).  The
contribution of tridymite-like domains to the XRD curve is evident; however, the presence of
cristobalite domains in these five samples cannot be excluded on the basis of peak decomposition.
Two peaks (3 and 4) shown in Figure 3.4 are consistent with a tridymite-like structure in the
disordered silica phase.  Peak 3 is located at 4.324 Å (20.5 o 2θ) on average, but in individual
samples may vary from 4.311 Å to 4.352 Å (20.6 o 2θ to 20.4 o 2θ).  This is a reasonable fit with the
ideal tridymite (112) peak at 4.328 Å (20.5 o 2θ) (Appendix III).  A reflection at this location cannot
be attributed to any other mineral phase identified in the samples.  Kaolinite produces a (110)
reflection at 4.366 Å (20.3 o 2θ), but this position is not a good fit with the observed data.  More
significantly, the primary kaolinite reflection at 7.2 Å (12.3 o 2θ) is not observed in many patterns,
and where the (001) reflection is observed, it is typically a small reflection.   If the modeled peak at
4.324 Å (20.5 o 2θ) is attributed to kaolinite, then the (110) reflection is disproportionately large
relative to the intensity of the (001) peak.
The fifth peak in the model is located at 3.87 Å (23 o 2θ), on average.  This peak is
characteristically very broad and low, and often is asymmetrical.  Some of the opal-ct samples
examined by Guthrie et al. (1995) produced a slight shoulder on the high angle side of the 19 o 2θ to
24o 2θ (4.7 Å to 3.7 Å) band.  They successfully modeled this shoulder with a small degree of
ordering.  Alternatively, the high angle side of the 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å) curve could
70
represent the interaction of multiple minor reflections including tridymite (402) and (311), smectite
(004), and possibly kaolinite (021).  Precise resolution of reflections contributing to the 22 o 2θ to
24o 2θ (4.0 Å to 3.7 Å) region is not possible within the seven-peak limit of MacDiff's profile-fitting
function; neither is it essential to the goal of distinguishing cristobalite and tridymite reflections.
The presence, or absence, of a low intensity peak on the high-angle side of the modeled band has
negligible effect on the location of the four other peaks in the model, although it does affect the
shape and integrated area of the main 4 Å (22 o 2θ) peak.  Based on the mineralogy of the samples,
it is reasonable to expect some excursion of the XRD curve between 22 o 2θ and 24o 2θ (4.0 Å to
3.7 Å), and including Peak 5 in a model of the observed XRD curve is beneficial because it results
in a lower residuum and less skewed 4 Å (22 o 2θ) peak.
Deconvolution of the XRD curve between 19 o 2θ and 24o 2θ (4.7 Å to 3.7 Å) produces a
plausible fit with four of the five most intense reflections produced by tridymite and little indication
of cristobalite-like domains.  Corroborative evidence is found in the remainder of the XRD curve
outside of the modeled band.  In addition to a main peak at 4.04 Å (22 o 2θ), cristobalite produces
less intense reflections at 3.14 Å (28.5 o 2θ), 2.84 Å (31.5 o 2θ), and 2.49 Å (36 o 2θ) (Figure 3.1d).
There is no convincing evidence of reflections near 3.14 Å (28.5 o 2θ) or 2.84 Å (31.5 o 2θ) in these
samples.  Every sample produces a broad reflection at approximately 2.5 Å (35.9 o 2θ), but this
reflection is common to both cristobalite and tridymite and is not diagnostic of either polymorph.
The strongest tridymite reflections outside of the 19 o 2θ to 24o 2θ (4.7 Å to 3.7 Å) band are at
2.975 Å (30 o 2θ), 2.5 Å (35.9 o 2θ), 2.49 Å (36 o 2θ), and 2.308 Å (39 o 2θ) (Figure 3.1e).  Most
samples produce a reflection near 2.97 Å (30 o 2θ), but the peak intensity is often less than expected
relative to the 4 Å (22 o 2θ) peak.  A reflection at 2.3 Å (39 o 2θ) is not detected in most patterns.
Although Jones and Segnit (1975) assert that most disordered silica yields an XRD signature
similar to opal-ct and distinctly different from that of tridymite and cristobalite, the signature of
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these samples does not appear to be distinct from that of tridymite.  These samples consist of
disordered silica of sedimentary origin with a structure dominated by tridymite-like domains.
While this is unique, it has been reported previously.
One of the first studies to present evidence of such a polymorph was Mitchell and Tufts
(1973).  They used XRD to examine 32 samples of fossilized wood.  With only two exceptions,
they found the silica phase to be most like disordered tridymite.  Bayliss (1978) observed that the
XRD pattern of Australian opal published by Petruk et al. (1977) differs from that of opal-ct, opal-a,
and opal-c, and more closely resembles disordered tridymite.
Wilson et al. (1974) used XRD, electron microscopy, and IR spectroscopy to probe the
structure of a deep-sea chert and a bentonite.  The XRD patterns of both samples were characterized
by a broad reflection at 4.1 Å.  Although this is close to the most intense reflection of tridymite, the
authors did not consider this to be diagnostic.  However, electron diffraction produced a “hexagonal
pattern consistent with tridymite” (p. 5), and the infrared spectra of both samples produced bands
consistent with tridymite, but did not yield any diagnostic cristobalite bands.  Additionally, the
platy, hexagonal morphology of their samples is more similar to tridymite than octahedral
cristobalite.  They propose that the structure of these two samples is essentially that of disordered
tridymite in which the structure is disrupted by random transverse displacement of the sheets
normal to the c-axis.
Sanders (1975) examined volcanic gem opals through electron microscopy and diffraction.
They determined that the opals are a mixture of amorphous and crystalline silica, and that the
crystalline phase of some of the opals has a tridymite structure.  Iijima and Tada (1981) reported
disordered low-tridymite forming as pore cement and veins in chert, porcellanite, and silica tuff in
sediments from Japan.  Elzea and Rice (1996) reported that tridymite stacking was common, and





























Figure 3.7  Whole-rock diffractogram of sample B13, showing profile-fit of the 19 o to 24o 2θ
band with:  a) five peaks (disordered silica phase dominated by tridymite-like domains) and b)
six peaks (both tridymite and cristobalite domains present).  In both models, diffraction
maxima are close to ideal peak positions (shown by vertical lines); however, in (b), tridymite
and cristobalite peaks have increased asymmetry.  Vertical lines labeled with hkl and d-value
correspond to IUDD PDF peak data.  S=smectite, T=tridymite, C=cristobalite, Q=quartz.
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The long-held interpretation of opaline silica as disordered intergrowths of cristobalite and
tridymite implies the existence of end members of dominantly cristobalite and tridymite stacking.
The currently accepted model for diagenetic transformation of amorphous silica also implies that
first-formed structures will be dominated by tridymite stacking.  Early recognition of the
cristobalitic end member, opal-c, was facilitated by its relatively sharper XRD signature.  By
contrast, the tridymitic end member remained "hypothetical".  XRD examination of a large number
of samples presented in this study support the existence of such an end member.  The XRD
signature of these samples is consistent with that of line-broadened tridymite, with a broad primary
reflection near 4.107 Å (21.6 o 2θ), additional broad peaks of lower intensity at approximately
4.328 Å (20.5 o 2θ) and 2.50 Å (35.9 o 2θ), and lacking diagnostic cristobalite peaks at 3.14 Å
(28.5 o 2θ) and 2.84 Å (31.5 o 2θ).
These samples appear to represent a disordered tridymitic end member analogous to the
cristobalitic end member, "opal-c".  The current classification of disordered silica does not
accurately describe the disordered silica phase in these samples because the classification does not
accommodate a dominantly tridymite-like structure.  Rather than broadly categorize these samples
as "opal-ct", it is more accurate to describe these samples as "disordered tridymite” as proposed by
Wilson et al. (1974), and incorporate a new term, "opal-t", into the classification to describe this end
member phase.
SUMMARY
Samples of the Twiggs Clay examined in this study consist predominantly of disordered
silica, smectite, and quartz, with minor kaolinite and illite/mica.  The structure of the disordered
silica is best modeled by a single phase with a structure dominated by tridymite-like domains and
with little contribution from cristobalite-like domains.  These samples appear to represent the
tridymite-like end member of the cristobalite-tridymite continuum proposed by Elzea and Rice
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(1996).  Although these samples could be classified as "opal-ct" according to the broadly defined
XRD signature of opal-ct, there is closer agreement with the XRD signature of tridymite.
The three-fold classification of disordered silica, developed by Jones and Segnit over 30
years ago and based on XRD patterns, remains the most widely recognized in the geologic
community.  In the three decades since this classification scheme was developed, XRD has evolved
from strip-chart diffractograms to digital files.  Computers facilitate peak measurement and
identification, profile shape functions reveal superimposed peaks, and modeling programs simulate
the diffraction patterns of mixed-layer materials.  These advances facilitate the recognition of
additional polymorphs and refinement of the classification of disordered silica.
The current classification of disordered silica should be modified to accommodate an end
member polymorph dominated by tridymite domains as described in this study.  The new term
"opal-t" is suggested to describe a tridymitic end member polymorph analogous to the cristobalitic
end member, "opal-c".
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CHAPTER 4
SELECTED INDUSTRIAL AND PHYSICAL PROPERTIES OF THE
TWIGGS CLAY
INTRODUCTION
The unique properties of clay minerals have been exploited for millennia, probably
beginning with their use as building materials and pottery.  More sophisticated and diverse
applications have evolved with advances in technology and understanding of the complexities of
clay mineral structures.  Currently, clays play an important role in industrial and manufacturing
processes and are important constituents in a wide variety of products including pharmaceuticals,
foodstuffs, plastics, and agricultural products (Velde, 1992; Chang, 2002).  This diversity reflects
the broad spectrum of clay properties resulting from variations in structure and composition.
There are numerous techniques for evaluating a clay resource's potential utility.
Determination of mineral composition is a key first step.  Suitability to a specific application is
dependent on the particular properties of each clay mineral, which are largely determined by the
mineral's layer type and charge (Moore and Reynolds, 1997).  In addition, the quantity and nature of
associated non-clay minerals affects potential utility of the clay resource (Chang, 2002).
Subsequent to mineralogic assessment, more focused evaluation can follow two paths.  One
approach is to assess specific physical or chemical characteristics such as layer charge, grain size,
crystallinity, pH, or exchange–site composition.  These relatively more complex analyses provide
information related to the clay mineral assemblage but do not directly measure clay behavior.
Another approach is to directly measure the desired properties or behaviors, such as sorption
capacity, brightness, swelling capacity, or rheology.  These are typically relatively rapid
assessments.  They are product-performance oriented and can be useful as quality control checks.
This investigation examines potential applications of the Twiggs Clay, a late Eocene marine
claystone of the Georgia Coastal Plain Province (Figure 1.1).  Two mineralogic assemblages are
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recognized, one opaline and smectitic, the other essentially smectite with kaolinite.  These are
discussed in detail in Chapter 2.  Mineralogy suggests potential application as an absorbent or
filtering agent, or possibly as drilling mud.  The industrial or commercial potential of each
mineralogic assemblage is evaluated by measuring selected physical characteristics (pH and
exchange capacity) and specific clay properties (sorption capacity and rheology).
METHODS
Samples were collected from three pits at the former A & M Products mine, located
approximately five kilometers (3 mi) east of the town of Wrens, Georgia.  Pairs of samples were
collected from the base of the exposure through the entire clay section.  Horizontal separation
between paired samples was approximately one meter (3 ft).  Vertical spacing between sample pairs
was also approximately one meter (3 ft).  This spacing insured that each stratum was represented by
at least one set of samples.  An effort was made to collect samples behind the exposed and
weathered surface.  A total of 67 clay samples were collected and stored in airtight plastic bags until
needed for analyses.  The volume of each sample was reduced using a sample riffler and cone-and-
quarter method to ensure a representative sample split.  When necessary, larger sample fragments
were crushed by hand using a hammer.  Some of the methods described below were formalized as
part of this investigation; others are referenced in the literature.
Cation Exchange Capacity
Cation exchange capacity (CEC) and exchangeable cations were investigated using silver
thiourea reagent (AgTU) and a single-extraction procedure similar to that described by Pleysier and
Juo (1980).  Approximately 250 mg of air-dried sample was weighed into Nalgene centrifuge tubes.
The sample weight was recorded to the nearest 0.1 mg.  Thirty milliliters of AgTU reagent were
added to the tube, and the sample was mixed with the reagent for a minimum of twelve hours using
a reciprocal shaker.  The mixture was then filtered through Millipore Type HA 0.45µm filters, and
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the filtrate was stored in Nalgene bottles.   Measurement of exchanged cations and residual silver in
the AgTU filtrate was accomplished on a Perkin Elmer ICP OES Optima 3300 spectrometer.
Samples were prepared for analysis by diluting the AgTU filtrate with two percent nitric acid
containing 100 ppm cesium.  Two dilutions of each sample were prepared; a sample to dilutant ratio
of 1:9 was prepared for determination of exchangeable bases, aluminum, and silver, and a 9:1 ratio
of sample to dilutant was prepared for determination of Fe, Mn, and Si.  Two replicates of each
dilution were analyzed.
Concentrations of cations in the filtrate were converted to meq/100g sample after adjusting
sample weights for moisture content.  Sample moisture was determined by measuring weight loss
by evaporation.  For each sample, a small representative volume was spread evenly into a pre-
weighed aluminum sample pan.  The weight of the sample and pan were recorded, and the initial net
sample weight (wi) was calculated.  Initial sample weights were typically between three and seven
grams.  The samples were placed in a drying oven set to 60 oC.  The weight of each sample and pan
was recorded after a minimum of three days in the oven.  Care was taken to minimize the amount of
time samples remained out of the oven, but exposure to variable temperature and relative humidity
in the laboratory was unavoidable, and constant "dry" sample weight was not achieved.  For this
reason, samples and pans were returned to the oven and reweighed a minimum of two more times,
with at least two days elapsed between weighings.  This provided a minimum of three "dry" weights
that were averaged to determine the dry sample weight (wD).  The percent sample moisture was
calculated by (wi – wD)/wi * 100 %.  Each sample was evaluated in triplicate, and the results were
averaged.
pH
Sample pH was determined using a Mettler Toledo 313 pH meter calibrated with pH4 and
pH7 buffers.  For each sample, approximately 10 g of crushed, air-dried sample were placed in a
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50 ml glass beaker.  Thirty milliliters of de-ionized, distilled water were added to the beaker, and
the mixture was gently mixed for ten minutes using a magnetic stirrer.  Electrodes were placed in
the suspension and pH was recorded while stirring continued.  For each sample, a minimum of three
pH measurements was recorded and the average pH calculated.
Sorption
Fifteen samples representing the full range of mineralogical variation were evaluated for
sorption of water and oil.  For greater consistency, all sorption tests were carried out on a restricted
particle size distribution.  This was achieved by hand-sieving each sample and retaining the size
fraction that passed through a US No. 16 sieve but was retained on a US No. 50 sieve.  This yielded
a granular size distribution with diameters between approximately 1.18 mm and 0.30 mm.  The
sorption test used a one-inch diameter Plexiglas tube approximately 25 cm (10 in) long attached to a
tripod stand.  The tube was positioned at approximately a 30o angle to horizontal, and the bottom
end of the tube was covered with 18-mesh screen.  A 100 ml graduated cylinder was positioned
underneath the screened end of the tube.  Approximately 30 g of sieved sample were placed in the
tube.  The weight of the sample (wS) was recorded to the nearest 0.01 g.  A glass pipette was used to
slowly add 50 ml (vi) of distilled water (DH2O) to the tube.  The tube was slowly rotated while
water was added, and care was taken to ensure that all sample fragments in the tube were wetted.
The tube was allowed to drain into the graduated cylinder, and the volume of water in the cylinder
(vF) was recorded after thirty minutes.  Sorption as a percent of sample weight was calculated by:
(vi- vF)/ wS*100.  Each sample was evaluated in triplicate and the results averaged.  A similar
procedure was used to evaluate sorption of mineral oil.
Bulk Density
The bulk density of fifteen representative samples was determined using a free-fall
technique.  To obtain a consistent particle size distribution for evaluation of density, each sample
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was sieved as described above.  A ring stand was used to support a large plastic funnel with a one-
inch diameter outflow above a stainless steel beaker of known weight (wb) and volume (vb).  The
base of the funnel was blocked and the funnel was filled with air-dried, sieved sample.  The funnel
outflow was opened and the sample was allowed to fill and overflow the beaker.  An eight-inch
metal spatula was used to strike off excess sample to the level of the beaker lip.  The weight of the
sample filled beaker was recorded to the nearest 0.01 g, and the net weight of the sample (wS) was
determined by subtracting wb.  The bulk density of the sample in g/cm3 was calculated by:  (wS/vb).
Each sample was evaluated in triplicate, and the average density calculated from three values.
Rheology
Viscosity and yield point of six representative samples were determined using a Baroid
direct-indicating viscometer and a method similar to American Petroleum Institute (API)
Recommended Practice 13A (RP 13A).  Viscosity was assessed at 300 rpm and 600 rpm, ten
seconds after mixing each sample suspension and again after 16 hours quiescence, as described in
API RP 13A.  The rheological parameters plastic viscosity (PV) and yield point (YP) were
calculated from viscometer dial readings; PV was determined by subtracting the 300 rpm reading
from the 600 rpm reading.  Yield point was calculated by subtracting the plastic viscosity from the
300 rpm dial reading.  Each sample was evaluated in duplicate, and the results were averaged.
RESULTS
Cation Exchange Capacity
The AgTU method provides three measures of cation exchange capacity:  1) the effective
cation exchange capacity (ECEC) is the sum of cations (Ca, Mg, Na, K, Al, Mn, Fe, and Si)
measured in the AgTU filtrate, 2) the AgTUCEC is the quantity of silver thiourea complex adsorbed
by the sample, and 3) the percent base saturation is the sum of displaced Ca, Na, Mg, and K
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expressed as a percent of ECEC.   Figures 4.1, 4.2, 4.3, and Appendix IV compare the CEC of each
sample.
A total of 62 samples were evaluated for cation exchange capacity.  Two replicates of each
sample were analyzed, and the average difference between replicates was used as a measure of
experimental error.  Four sample results were suspect because the difference between replicates was
greater than the average difference plus two standard deviations.  Ten sample results were suspect
because AgTUCEC exceeded ECEC.  These samples represent a single ICP sequence, suggesting a
temporary instrument malfunction.  Data from 14 suspect samples were excluded from
interpretation; the discussion below concerns the remaining 48 samples.















































































































































































Figure 4.1:  Cation exchange capacity of Bell samples.  ECEC is typically equivalent to or
slightly greater than AgTUCEC.  Light-colored bars represent the sum of base cations (Ca,
Mg, Na, and K) and show the percent base saturation relative to blue bars.  Soluble bases are
indicated where bases exceed AgTUCEC (samples B13, B14, and B20).  Brackets and labels
refer to strata observed in the field.
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Figure 4.2:  Cation exchange capacity of Pilcher samples.  ECEC is typically equivalent to or
slightly greater than AgTUCEC.  Light-colored bars represent the sum of base cations (Ca,
Mg, Na, and K) and show the percent base saturation relative to blue bars.  Note low base
saturation in comparison to Bell and South Bynes sites (Figures 4.2 and 4.4).  Brackets and
labels refer to strata observed in the field.



















































































Figure 4.3:  Cation exchange capacity of South Bynes samples.  ECEC exceeds AgTUCEC
due to soluble silica.  Light-colored bars represent the sum of base cations (Ca, Mg, Na, and
K) and show the percent base saturation relative to blue bars.  Soluble bases are possible
where bases exceed AgTUCEC (sample SB9).  Brackets and labels refer to strata observed in
the field.
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ECEC ranges from approximately 16 to 62 meq/100g; however, the majority of samples
possess an ECEC between 25 and 45 meq/100g.  Only two samples exceed 60 meq/100g ECEC.
No systematic relationship is seen between ECEC properties and stratigraphic position; however,
samples from FE2 and FE3 strata often possess higher ECEC.  The contrast between mines is more
evident, with samples from Pilcher mine (Figure 4.2) generally characterized by significantly lower
ECEC than samples from the Bell (Figure 4.1) or South Bynes (Figure 4.3) mines.
The CEC as measured by AgTU adsorption exhibits a similar range (15 to 60 meq/100g),
although the AgTUCEC is typically slightly less than ECEC for any given sample.  Five samples
from the South Bynes mine are exceptional and exhibit ECEC that is 13 to 16 meq/100g higher than
AgTUCEC (Figure 4.3).  Samples from the Pilcher mine generally possess significantly lower
AgTUCEC compared to samples from the Bell and South Bynes mines.
Variations between mines are evident in base saturation.  Samples from the Bell and South
Bynes mines typically exhibit base saturation between 60 % and 90 %.  Only one sample of the 26
examined from the Bell and South Bynes mines produced a value less than 50 %.  By contrast,
samples from the Pilcher mine are characterized by significantly lower base saturation, 37 % on
average, and only five samples of 22 demonstrated base saturation greater than 40 %.  Figures 4.1
and 4.2 suggest a trend toward lower base saturation with higher stratigraphic position in the Bell
and Pilcher sites.
Variability between sampling sites is also apparent in Table 4.1 and Figures 4.4, 4.5, and
4.6, which detail the exchanged cations contributing to ECEC.  Exchanged cations in the Pilcher
mine (Figure 4.5) are dominated by aluminum, which averages 17 meq/100g, or 58 %, of ECEC.
By contrast, aluminum is almost absent from South Bynes (Figure 4.6) and the lower stratum from
Bell (Figure 4.4), typically contributing less than one percent to ECEC.  The relative proportion of
aluminum in the Bell mine increases with stratigraphic position but never reaches the proportions
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evident in the Pilcher mine.  Calcium is the dominant exchanged cation in the Bell and South Bynes
mines, averaging 22 meq/100g and 27 meq/100g, or 55 % and 61 % of ECEC, respectively.
Table 4.1  Statistical Summary of Cations Contributing to ECEC (meq/100g)
Bell Pilcher South Bynes
Cation





Ca 22.02 26.33 6.18 5.62 6.04 1.41 26.99 20.40 6.38
Mg 7.34 8.00 1.73 4.56 4.07 0.85 5.57 4.46 1.41
Na 0.30 0.51 0.13 0.23 0.56 0.15 0.27 0.27 0.10
K 0.35 0.58 0.16 0.31 0.39 0.12 0.32 0.39 0.11
Mn 0.35 2.17 0.57 0.08 0.78 0.16 2.16 4.70 1.57
Fe 0.07 0.33 0.08 0.06 0.16 0.03 0.00 0.01 0.00
Al 8.07 27.63 7.71 17.12 22.80 5.20 0.11 0.24 0.07
Si 2.41 4.31 0.23 1.20 1.80 0.37 9.57 11.83 4.28
There is little difference among samples with regard to the proportion of iron, potassium,
magnesium and sodium.  Magnesium typically accounts for 10 % to 20 % of ECEC, regardless of
stratigraphic position or sample site.  Iron, potassium and sodium are always minor contributors to
ECEC, typically accounting for less than one percent of ECEC.
A wide range of values is seen for manganese.  Typically, the contribution of manganese to
ECEC is less than one percent.  However, nine samples show evidence of a significantly higher
proportion of manganese, three percent or greater, equivalent to two to five meq/100g.  There is no
apparent relationship between manganese and stratigraphic position or sampling site.  However,































































































































































































































































































































































Figure 4.4:  Cations present in AgTU-filtrate of Bell samples, including both AgTU-
exchanged cations and soluble species.  a) cations represented in meq/100g sample, and b)
relative proportions of cations contributing to ECEC.  Note decrease in aluminum with depth.
Brackets and labels refer to strata observed in the field.
87












































































































































































































































































































































Figure 4.5  Cations present in AgTU-filtrate of Pilcher samples, including both AgTU-
exchanged cations and soluble species.  a) cations represented in meq/100g sample, and b)
relative proportions of cations contributing to ECEC. Brackets and labels refer to strata
observed in the field.
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Figure 4.6:  Cations present in AgTU-filtrate of South Bynes samples, including both AgTU-
exchanged cations and soluble species.  a) cations represented in meq/100g sample, and b)
relative proportions of cations contributing to ECEC.    Brackets and labels refer to strata
observed in the field.
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Likewise, a range of exchanged silica values is observed, and dissimilarity among mines is
apparent.  Pilcher samples generally demonstrate the smallest and most consistent proportion of
silica, with values ranging from approximately three to seven percent of ECEC, or one to two
meq/100g.  In Bell samples, the proportion of silica ranges from approximately three to eleven
percent of ECEC, or one to five meq/100g.  South Bynes samples exhibit the highest proportion of
silica.  In five of seven samples examined, silica is the second most dominant cation, accounting for
more than 20 % of ECEC, or 11 to 13 meq/100g.
pH
A total of 59 samples were evaluated for pH.  Three sample results were suspect because the
difference between replicates was greater than the average difference plus two standard deviations.
These were excluded from interpretation; the discussion below concerns the remaining 56 samples.
pH values ranged from 3.26 to 5.33; these are listed in Appendix V and illustrated in Figure
4.7.  No relationship with stratigraphic position is apparent; however, many of the lower pH values
are associated with samples from the FE2 and FE3 strata at the Bell site.  A subtle distinction
between mines is suggested by Figure 4.7 and confirmed with a two-sample t-test.  South Bynes
samples exhibit significantly higher pH (average = 4.93) than either Bell (average = 3.99) or Pilcher
mine samples (average = 4.29), at α= 0.05.  No statistically significant difference in pH exists
between Bell and Pilcher samples.
Sorption and Bulk Density
Sample density and sorption capacity are listed in Appendix VI and illustrated in Figures 4.8
and 4.9.  Bulk density of the samples ranged from 0.45 to 0.95 g/ml (28 to 59 lb/ft3).  No systematic
trend in density is observed, but more dense material is typical of stratigraphically higher samples
from FE3 and PL strata.  Sorption of distilled water (DH2O) ranged from approximately 53 % to
120 % of sample weight.  Sorption of mineral oil ranged from approximately 20 % to 86 % and was
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always less than sorption of DH2O for any given sample.  Highly absorbent samples are found in
both FE1 and FE2 strata, and lower sorption capacity is more often found in FE3 and PL samples.
Rheology
Viscosity data is presented in Appendix VI.  Viscosity at 600 rpm ranged from three to five
centipoises, and at 300 rpm was typically one to three centipoises, resulting in plastic viscosity of
one to three centipoises.  Little or no change in viscosity was noted after 16 hours quiescence.
Yield point is typically zero to one lb/100ft2, with some negative values resulting from low 300 rpm
viscosity relative to 600 rpm viscosity.

















































































































































Figure 4.7  pH of Twiggs Clay samples, grouped by location.  Within each sample group,
depth increases to the left.  Bell average pH = 3.99, Pilcher average pH = 4.23, and South
Bynes average pH = 4.93.
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Figure 4.8  Bulk density of Twiggs Clay samples.  Brackets and labels refer to strata
observed in the field.  Average density of all samples = 0.62 g/ml3, average of all FE strata =
0.58 g/ml3, and average of PL strata = 0.93 g/ml3.









































The ability of certain clay minerals to selectively adsorb and release ions and polar
molecules is one of the most important and widely exploited clay behaviors.  Cation exchange
affects nutrient availability in soils, plays a role in transport and remediation of environmental
contaminants, and affects engineering properties of soils.  Cation exchange capacity varies widely
with clay mineral type, from near zero to over 100meq/100g.  Kaolinite minerals typically have low
exchange capacity, less than 15 meq/100g (Appelo and Postma, 1996),  and vermiculite and
smectite minerals typically exhibit the greatest exchange capacity, in the range of 60 to 130
meq/100g (Weaver, 1989).
The samples examined here are composed of varying proportions of three clay minerals,
smectite, kaolinite, and illite/mica, as well as quartz and disordered silica.  Exchange capacity is
attributed primarily to smectite.  There is a strong correlation between the quantity of AgTU
adsorbed (AgTUCEC) and percent smectite (r = 0.78) (Figure 4.10).  The correlation to ECEC is
not as strong (r = 0.60).  No significant correlation exists between other mineral phases and either
measure of exchange capacity.
AgTUCEC of all South Bynes samples is approximately equivalent to the sum of base
cations, suggesting that at this location the cations displaced by AgTU are principally Ca, Mg, K,
and Na.  By contrast, for all Pilcher samples and the majority of Bell samples, the quantity of AgTU
exchanged is larger than the sum of exchanged base cations.  This indicates that at these locations
AgTU displaced species in addition to Ca, Mg, K, and Na.  In three samples from the lower section
of Bell and one from lower South Bynes, the sum of bases slightly exceeds the AgTU exchanged,
suggesting the presence of soluble base cations, most likely from small quantities of calcite not
detected with XRD.
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The portion of AgTUCEC not met by base cations, or "unfulfilled AgTUCEC", varies from
near zero to over 30 meq/100g and is consistently high in Pilcher mine samples (Figure 4.11).  The
majority of unfulfilled AgTUCEC is met by aluminum.  The near equivalence of AgTUCEC to the
sum of bases plus aluminum and the almost perfect correlation (r = 0.98) between unfulfilled
AgTUCEC and Al meq/100g are evidence that much of the aluminum is exchanged for AgTU
(Figure 4.12).  The strong negative correlation (r = -0.99) between the proportion of exchanged
aluminum and calcium suggests that aluminum occupies exchange sites primarily at the expense of
calcium (Figure 4.13).  The correlation with magnesium is also negative but not as good (r = -0.57).
Sodium and potassium represent minor fractions of AgTUCEC and have no apparent relationship
with exchanged aluminum.  In a few samples, bases plus aluminum slightly exceeds the AgTU





















Bell Pilcher South Bynes
All Samples Linear (All Samples)
R = 0.78
Figure 4.10  Correlation between AgTu exchange capacity and smectite content.  Note
generally lower exchange capacity of Pilcher samples relative to South Bynes samples with
similar proportion of smectite.
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AgTU reagent is approximately 5.5, and the solubility of aluminum increases significantly in this
range (Appelo and Postma, 1996).
For several samples, the quantity of aluminum is insufficient to meet the unfulfilled
AgTUCEC, indicating that AgTU displaced cations in addition to bases and aluminum.  The
balance of unfulfilled AgTUCEC is in all cases less than 5 meq/100g and is most likely filled by
either silica or a species not represented here.  However, total silica typically exceeds the unfulfilled
AgTUCEC balance, indicating that although a small quantity of silica may be AgTU-exchanged, the
majority is soluble.  Soluble silica is most abundant in South Bynes samples where quantities
exceed 10 meq/100g (Figure 4.14).
ECEC is typically slightly larger than AgTUCEC (Figures 4.1, 4.2, and 4.3), and the
discrepancy is attributed to soluble cations in the AgTU filtrate in addition to cations displaced by
AgTU.  The excess ECEC is typically less than 5 meq/100g, with the exception of six South Bynes






























































































































































Figure 4.11  Unfulfilled AgTUCEC, defined as the AgTUCEC not met by exchanged base
cations, is highest in Pilcher and mid- to upper-Bell samples, indicating that AgTU displaced
species in addition to Ca, Mg, Na, and K.  Values near zero in South Bynes and lower Bell
suggest that AgTU-exchanged cations are predominantly base cations.  Within each sample-
site grouping, depth increases to the left.
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Another contributor to excess ECEC is manganese, which is detected in samples from highly
fractured zones characterized by abundant manganese oxyhydroxides.  Solubility of manganese
increases at pH less than approximately six (Appelo and Postma, 1996); manganese observed in
these samples was likely liberated by the AgTU reagent.
At all sample sites, total exchange capacity is controlled by the abundance of smectite;
however, significant differences exist in the exchanged-cation assemblages at the three sites.  These
dissimilarities can be explained by relative location of the sample sites and differences in
depositional setting.  The Twiggs occurs as discontinuous lenses deposited in a very near shore
environment (Darrell, 1974), possibly associated with an embayed coast (Schmidt and Wise, 1982),
or in back barrier lagoons, estuaries, and tidal channels (Shearer, 1917; Newell et al., 1980;
Nystrom et al., 1986).  The sample locations of this study represent two clay lenses separated along
strike by approximately 300 m (1000 ft).  The Bell and Pilcher sites represent thick clay sections (>




































































































































soluble bases present soluble bases present
possible soluble Al
Figure 4.12  Bars indicate the difference between aluminum measured in AgTU filtrate and
unfulfilled AgTUCEC, or AgTUCEC not satisfied by base cations.  Negative bars result when
the sum of base cations plus aluminum exceeds the amount of AgTU exchanged, indicating
presence of either soluble bases or aluminum.  Soluble bases are indentified in four samples,
see Figures 4.2 and 4.4. Positive bars indicate that AgTU exchanged species in addition to Ca,
Mg, Na, K, and Al.  Within each sample-site group, depth increases to left.
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8 m or 26 ft) in the interior of the western clay lens.  The South Bynes site represents the margin of
the eastern clay lens, where the clay section is less than two meters (6 ft) thick.
The South Bynes site, although similar in mineralogy to Bell and lower stratum Pilcher, is
most unlike the other sites in that exchanged aluminum is essentially absent and soluble silica is
present in relatively larger quantities.  The silica most likely originates from dissolution of the
opaline phase or associated amorphous silica.  Absence of aluminum indicates that the pore water
pH remained above approximately 5.5 (Thomas, 1996).  The exchanged cation population at South
Bynes, dominated by calcium and magnesium, is characteristic of soil smectites and reflects the
interaction of clay minerals with fresh pore waters (Weaver, 1989; Appelo and Postma, 1996).  The
positive correlation between calcium or magnesium and smectite reflects the dependence of total
exchange capacity on the proportion of smectite.  The smectite at South Bynes exhibits a higher
exchange capacity relative to the smectite at the Pilcher or Bell sites (Figure 4.10), suggesting a
fundamental difference in layer charge magnitude or location.
At the Pilcher site, two mineralogic assemblages are present:  the lower stratum (FE1) is rich
in disordered silica and smectite with little kaolinite, and the upper stratum (PL) is predominantly
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Figure 4.13  Strong correlation between proportion of AgTU-exchanged aluminum and
calcium, suggest aluminum displaces calcium in exchange sites.
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kaolinite and smectite and lacks opal.  In both strata, aluminum is the dominant exchanged cation
and soluble silica is relatively minor.  Slightly acidic pore waters would cause clay minerals to
decompose, providing aluminum that could enter exchange sites, displacing calcium and other
cations.  This dissolution process should produce a decrease in clay mineral abundance as aluminum
increases.  This is observed with kaolinite in upper stratum Pilcher samples.  However, smectite
does not demonstrate the same relationship but correlates positively to exchanged aluminum.  Re-
precipitation of smectite could maintain the proportion of this phase at the expense of kaolinite.
Soluble silica and aluminum would be taken-up, while aluminum not incorporated in smectite
structure occupies exchange sites.











































































































































































Unfulfilled AgTUCEC - Al
Silica
soluble bases soluble Al
blue bars in excess of red bars = soluble Si
4.14a
Figure 4.14  Red bars indicate the difference between aluminum measured in AgTU filtrate
and unfulfilled AgTUCEC, or AgTUCEC not satisfied by base cations.  Negative bars result
when the sum of base cations plus aluminum exceeds the amount of AgTU exchanged,
indicating presence of either soluble bases or aluminum.  Soluble bases are identified in three
Bell samples (a) and one South Bynes sample (c), see Figures 4.1 and 4.3. Positive bars
indicate that AgTU exchanged species in addition to Ca, Mg, Na, K, and Al.  Blue bars show
the amount of silica measured in AgTU filtrate.  The majority of silica is soluble, as indicated
by blue bars exceeding red bars.  Overlap of blue bar with red bar suggests possible AgTU-
exchanged silica.  Relative depth increases to the left on each figure.  Figures 4.14 (b) and (c)
on following page.
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Unfulfilled AgTUCEC - Al
Silica
soluble Al
blue bars in excess of red bars = soluble Si
4.14b
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In lower stratum (FE) Pilcher samples, soluble silica levels are considerably less than those
observed at South Bynes, despite equally abundant opal.  As in upper stratum Pilcher, exchanged-
aluminum suggests decomposition of clays in low pH waters.  However, FE stratum pore waters
should be relatively enriched in silica.  It likely that some re-precipitation of smectite consumed
soluble silica; in addition, silica could also migrate into the smectite structure, replacing aluminum
in tetrahedral coordination and preserving the 2:1 structure.  This would further reduce the amount
of soluble silica, as well as decrease the magnitude of smectite layer charge, accounting for the
generally lower total exchange capacity at Pilcher.
Mineral composition of the Bell site is similar to South Bynes and lower-stratum Pilcher, but
Bell exhibits more variability in exchanged cations relative to other sites.  The majority of Bell
samples are somewhat similar to Pilcher in that soluble silica is relatively minor and exchanged
aluminum is significant, if not dominant.  The dissolution-replacement process proposed for lower
Pilcher likely occurred in a similar manner in upper Bell sediments, although possibly to a lesser
degree.  Aluminum generally contributes a smaller proportion to total exchange capacity in Bell
relative to Pilcher.  The apparent decrease in both the amount (meq/100g) and proportion (% of
AgTUCEC) of exchanged aluminum with depth suggests that Bell pore waters were not
homogeneous with regard to pH.  Aluminum is essentially absent from the basal 4 m (12 ft) of Bell,
suggesting that the pH of pore waters in this section did not fall below approximately 5.5.  These
are also the only samples that present evidence of soluble bases and where apatite is detected with
XRD.  This is additional evidence that the lower Bell sediments were not exposed to acidic pore
waters to the extent that upper Bell and Pilcher sediments were.  Variation of groundwater pH over
a few meters in depth is not unreasonable; Appelo and Postma (1996) document a similar shift in
groundwater pH and cation-exchange complex with depth in the unsaturated zone of a sandy soil
(Figure 4.15).  Opal is abundant in lower Bell samples, but soluble silica levels are not as elevated
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as is observed at South Bynes, possibly because of diffusion of silica into the underlying silica-
cemented sandstone.
Mineral composition of the Twiggs FE strata samples is similar in to that of Clay Minerals
Society (CMS) reference clay STX-1 as reported by Chipera and Bish (2001):  67 % smectite, 30 %
opal, and 3 % other.  Van Olphen and Fripiat (1979) report that the CEC of STX-1 is approximately
84 meq/100g, and Borden and Giese (2001) report an average CEC of 89 meq/100g.  These values
are more than double the average CEC of Twiggs FE strata.  The discrepancy can be attributed in
part to the relatively smaller proportion of smectite (39 % on average) in the Twiggs relative to
STX-1.  However, even Twiggs samples with smectite proportions similar to STX-1 do not exhibit












Figure 4.15  Exchanged cations in an unsaturated sandy deposit.  Note sharp decrease in
aluminum and increase in calcium within upper five meters (15 ft).  Modified from Figure
6.22 of Appelo and Postma (1996).
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differences between the two smectites.  One possible difference is the change in layer charge
magnitude and location resulting from Si+4 replacement of tetrahedral Al+3.  If aluminum in the
Twiggs system formed Al-hydroxides, these would also decrease exchange capacity (Weaver, 1989;
Thomas, 1996).
Overall, the exchange capacity of the Twiggs is moderate.  The substantial silica and
kaolinite impurities dilute the exchange capacity with the result that on the whole, the CEC is
considerably less than that of a more pure smectite resource.  However, the possibility of using the
more smectite-rich Twiggs, such as the upper section of the Bell site, as a cation-exchanger should
not be eliminated without further investigation.  Differences in exchange qualities, or cation
selectivity, are the basis for many industrial techniques including use of clays as catalysts, carriers,
and filtering agents (Velde, 1992, 1995).  The dynamics of cation selectivity are complex, and most
studies are based on controlled systems limited to simple exchange of two cations.  Natural systems
involving more than one mineral phase interacting with a multi-ionic solution are not well
understood.  In complex systems, selectivity is governed by more than the law of chemical mass
action.  Other factors that play a role are the size, charge and hydration energy of the cation, and the
pH and concentration of the solution (Laudelout, 1987; Moore and Reynolds, 1997).  Efficacy of
the Twiggs smectite in a specific cation-exchange/retention process is not determined from this
investigation and should be examined on a case-by-case basis.
pH
pH is perhaps the most commonly evaluated soil characteristic.  pH affects availability of
essential plant nutrients and controls potential toxicity of minor elements such as Cu, Zn, Fe, and
Mn.  It is useful as a predictor of the dominant exchange cations in soils.  In general, pH values near
or below three indicate the presence of free hydrogen ions, and pH between approximately four and
five is associated with exchangeable trivalent aluminum.  Above pH of 5.5, aluminum exists as
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hydroxy-aluminum ions, and exchangeability decreases substantially.  Alkaline pH is associated
with excess calcium, which is replaced by sodium as pH approaches nine (Thomas, 1996).
All of the samples reported here are acidic, with pH typically between four and five.  In this
range, exchangeable aluminum is predicted, as is observed at the Bell and Pilcher sites.
Exchangeable aluminum is not observed in South Bynes samples, which also present slightly higher
pH relative to the other sites.  Relatively high levels of manganese (2 to 5 meq/100g) are detected in
these same samples; it is possible that manganese-hydroxides act to elevate pH slightly.  Three Bell
samples and one Pilcher sample demonstrate pH between 3.5 and 3.25, suggesting a supply of H+,
in addition to Al+3 saturation (Thomas, 1996).  Common sources of hydrogen ions are oxidation of
pyrite or other sulfides and oxidation of organic matter.
There are no significant correlations between sample pH and mineralogy or exchange
cations, and pH has no apparent bearing on other characteristics such as sorption capacity or
density.
Sorption and Bulk Density
The sorptive properties of certain clays were recognized by very early civilizations.
Archeologists have found evidence that montmorillonite was used in the fulling of woolen cloth in a
Neolithic settlement in Cyprus dated at approximately 5000 BC (Robertson, 1986).  Sorptive clays
are still broadly referred to as "fuller's earth", although their current use encompasses much more
than oil sorption.  The diversity of applications for sorptive clays includes removal of unwanted
color bodies from edible oils and impurities from fuel oil, clarification of wine and juices, and
carrying agricultural chemicals and pharmaceuticals.  Pet litter is perhaps the largest segment of the
adsorbent clay market, consuming approximately 5.5 billion pounds of clay each year (Sorptive
Minerals Institute, 2003).  Sorption occurs through both adsorption, where the sorbed species
adheres to surfaces, and absorption, where the species is taken up into the solid.
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The adsorbent qualities of a fuller's earth facies of the Twiggs Clay, a facies characterized
by opal and smectite, were recognized very early in the twentieth century (Shearer, 1917).  The
samples for the current investigation were collected from active pet litter mines and include the
fuller's earth facies ("FE" strata) as well as a kaolinite-smectite facies ("PL" stratum) with no
recognized commercial value.  The proportion of smectite is similar in both FE and PL, and
sorption is attributed to both smectite and opal.  Opal takes the form of lepispheres, typically one to




Figure 4.16  SEM photomicrographs of Twiggs Clay showing porosity between (a) and
within (b) opaline lepispheres.
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It is not surprising that the majority of samples examined for sorption are highly adsorbent
of water (Figure 4.9).  Sorption is somewhat higher than average in opaline FE samples, and
considerably less than average in PL samples.  However, the opal phase is less important in DH2O
sorption than expected.  Based on this sample set of fifteen observations, opal does not have a
strong bearing on DH2O sorption (r = 0.28).  The apparently greater DH2O sorption in opaline
samples should be confirmed with a larger sample set.  Smectite undoubtedly is active in DH2O
sorption.  It is generally accepted that the mechanism for water sorption is electrostatic attraction of
the polar molecules to charged smectite surfaces.  If the opal phase plays a role in DH2O sorption, it
may be related to a sample texture that allows greater mobility of water molecules and more
accessible smectite surfaces.  Abundant kaolinite in PL apparently suppresses sorption, perhaps by
reducing porosity and permeability and interfering with fluid access to adsorbent surfaces.
Sorption of mineral oil is in all cases less than that of DH2O, with FE slightly more
adsorbent (55 %) than the overall average and PL considerably less adsorbent (21 %) than average
(Figure 4.9).  Oil sorption correlates positively to the proportion of opal (r = 0.69) and has no strong
relation to smectite content (r = -0.43), suggesting that the more active phase in oil sorption is opal.
A different mechanism apparently drives sorption of the larger, non-polar oil molecules, possibly
filling of microporosity of lepispheres.  Sorption onto smectite also is possible.  Neutral organic
molecules can be sorbed onto clay surfaces by hydrogen bonding or through formation of
coordination complexes with transition cations (Moore and Reynolds, 1997).  Capacity to adsorb
water is only a fair predictor of oil sorption potential; the correlation between oil and water sorption
is r = 0.55.
All samples have relatively low bulk density.  Density reflects mineral composition (Figure
4.17).  Less dense samples tend to be more opaline (r = -0.84), and more dense samples generally
105
are more kaolinitic (r = 0.83).  Smectite has little affect on density (r = 0.26).  Density also
correlates negatively to sorption, both of oil and DH2O, reflecting the role of kaolinite (Figure 4.18).
The Twiggs clay has good potential for a variety of sorbent applications.  Its utility as pet-
litter is demonstrated; however, considering that there are apparently two mineral phases active in
the sorption process, other sorptive applications should be investigated.  In particular, the very small
particle size and high microporosity of opaline lepispheres might be effective filtering agents, such
as those used to purify or clarify oils, juices, and beverages.  The greatest potential for this probably
lies in the lower density material found near the base of the Twiggs.
Rheology
Clays with thixotropic properties are essential to the petroleum industry.  Drilling fluids
require a viscous suspension that has sufficient gel strength to balance borehole pressure when
drilling ceases, yet is fluid enough to lubricate and flow easily through the drill stem when drilling
progresses.  Smectite or attapulgite clays are often suitable for drilling mud.  The American
Petroleum Institute (API) sets minimum acceptable standards for drilling muds; samples here were
evaluated against these standards.
The Twiggs samples do not possess thixotropic properties.  None of the samples approached
the minimum standards set by API.  Maximum viscosity recorded at 600 rpm and 300 rpm was five
centipoises; API requirement is a minimum of thirty.  By comparison, Black Hills Bentonite, L.L.C
reports their BH-Natural, a sodium bentonite without additives, has 600 rpm viscosity in the range
of 35 to 40, and 300 rpm viscosity in the range of 22 to 28.  Although the Twiggs contains abundant
smectite, a much more pure clay is required to produce the viscosities required by API.  Because the
impurities occur in the clay size fraction, it is unlikely that physical separation techniques would
improve purity.
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Figure 4.17  Effect of mineralogy on sample density.  (a) Highly opaline samples are




The industrial/commercial potential of the Twiggs clay was examined through evaluation of
selected physical characteristics (pH, CEC, density) and specific properties (sorption and rheology).
Cation exchange capacity varies widely and is controlled by the proportion of smectite.  CEC of the
Twiggs is less than that of CMS reference clay of similar composition.  There are marked
differences in the AgTU-exchanged cation population at each sample site, particularly with regard
to aluminum.  These dissimilarities are explained by variation in pore water pH.  At South Bynes,
calcium dominates and aluminum is absent from the exchange complex, suggesting that pore water
remained above pH 5.5.  At Pilcher, aluminum consistently dominates the exchange complex,
primarily at the expense of calcium, indicating exposure to acidic pore waters throughout the
Pilcher section.  The exchanged cations at Bell are more variable.  Aluminum dominates uppermost
Bell but diminishes in importance with depth, suggesting variable pore water pH.  Absence of
exchangeable aluminum and presence of soluble bases and apatite indicate that pore waters in lower


























Figure 4.18  Negative correlation between Twiggs sample density and capacity to sorb water
or oil.
108
Bell section remained above pH 5.5.  Soluble silica is present at all sites but most abundant at South
Bynes.  The pH of all samples is acidic and consistent with presence of exchangeable aluminum.
Although total exchange capacity of the Twiggs is less than that of a pure smectite, the possibility
of exploiting cation selectivity should be investigated.
The Twiggs exhibits high capacity to adsorb water onto charged clay surfaces.  Sorption of
oil is moderate and is more highly correlated to opal than smectite content.  Adsorption likely
occurs through both occupation of lepisphere micropores as well as smectite surfaces.  Kaolinite
increases density and negatively affects sorption capacity.  Density is directly related to the
proportion of disordered silica present and serves as a good predictor of sorption capacity.  The
Twiggs has demonstrated value as a water adsorbent.  The potential as a filtering or clarifying agent
should be examined.
The Twiggs does not exhibit thixotropy and does not approach viscosity standards required
by API.  It is unlikely that beneficiation or use of chemical additives could produce an acceptable
drilling mud from Twiggs clay.
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FORMATION OF TWIGGS CLAY RESOURCE NEAR WRENS, GEORGIA
INTRODUCTION
The Twiggs Clay is an opaline-smectitic claystone found as discontinuous lenses across
east-central Georgia (Figure 1.1).  Stratigraphically, the Twiggs is assigned to the Dry Branch
Formation of the Barnwell Group (Figure 1.3).  The Barnwell is part of the thick wedge of
Cretaceous and younger sediments deposited during multiple cycles of marine transgression and
regression across Georgia's Coastal Plain Province.  The Coastal Plain sediments lie unconformably
on Paleozoic and older crystalline rocks of the Appalachian orogeny.
The Twiggs exposure near Wrens lacks age-diagnostic flora or fauna; however, correlative
units are most often assigned to the late Eocene.  This age is based on foraminifera (Huddlestun and
Hetrick, 1986), palynomorphs (Darrell, 1974; Newell et al., 1980), and K-Ar dating of glauconite
(Albin and Wampler, 1996).  Schmidt and Wise (1982) used coccolith zonation to restrict the time
of Twiggs deposition to middle to late Eocene.  Some evidence of a younger age has been
presented.  Harris and Fullagar (1982) placed the Twiggs near the Oligocene-Miocene boundary
based on Rb-Sr dating of glauconite pellets in uppermost Twiggs beds.  Zullo et al. (1982) also
argue for a younger age, based on barnacles of late Oligocene to early Miocene age collected from
correlative sand units; however, the sands may represent a younger depositional sequence (Nystrom
et al., 1986).
The late Eocene corresponds to relatively higher sea level and a major transgression on the
coastal plain of Georgia and South Carolina (Colquhoun and Johnson, 1968; Pickering, 1970; Haq
et al., 1988).  Mean annual temperature was warmer than present, and seasonal temperature contrast
and latitudinal temperature gradient were low (Wolfe and Poore, 1982; Greenwood and Wing,
1995).  The climate of the southeastern United States is believed to have been humid and tropical to
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subtropical (Hurst, 1979; Frederiksen, 1980) and the surrounding seas tropical (Gohn, 1988).  These
conditions would have been conducive of intense weathering in the Piedmont and Blue Ridge
Provinces, sources of the Coastal Plain sediments.  Rock types in the source area include granitic
and mafic igneous rocks and metamorphic rocks from slate to gneiss (Pickering, 1976; Fallaw and
Price, 1995).
In general, the Coastal Plain sediments of Georgia are dominated by clastics in the updip
area that grade downdip into carbonates (Herrick and Vorhis, 1963).  In east-central Georgia, these
two lithosomes merge and interfinger in the upper Eocene Barnwell Group.  The Twiggs Clay
Member represents the clay facies of the Barnwell Group.  The Barnwell becomes increasingly
calcareous downdip, and where present, the Twiggs Clay eventually grades downdip into the Tivola
or Ocala Limestone (Shearer, 1917; Cooke, 1943; Pickering, 1970; Huddlestun and Hetrick, 1986).
Updip, calcite is uncommon and plant fossils are locally abundant (Hetrick, 1992).  Shearer (1917)
reports that the Twiggs may become carbonaceous and grade into lignite updip.  Other updip
Barnewell lithologies include gravel beds, quartzite, shell or oyster beds, glauconitic sand beds, and
silicified limestone (Shearer, 1917; Pickering, 1970).  These general facies relationships suggest the
Twiggs occupies a position between transitional coastal and marine environments.
A variety of depositional environments have been proposed for the Twiggs Clay; a few of
these are summarized in Table 5.1.  Inferred environmental conditions range from transgressive
(Weaver and Wise, 1974; Huddlestun and Hetrick, 1979) to regressive (Carver, 1966, 1972), very
near shore marine (Darrell, 1974) to quiet low-energy (Pickering, 1970), estuarine (Shearer, 1917)
to normal marine, intertidal mud flat (Hetrick, 1992) to continental shelf (Schmidt and Wise, 1982).
The various interpretations are not necessarily in conflict.  The Twiggs is typically discontinuous
laterally and interfingers complexly with sands and carbonates, resulting in erratic stratigraphic
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position and inconsistent stratigraphic relationships.  Differing interpretations can be attributed to
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The unique character of the Twiggs facies near Wrens was recognized by Hetrick (1992).  It
is notable for its near-white color, high opaline content, and low density.  As a resource, it is valued
for its sorption capacity.  The geologic conditions that governed deposition and diagenesis of this
facies were likely different from those that prevailed over formation of Twiggs clay of significantly
different character.  This investigation examines the formation of the Twiggs clay resource near
Wrens.
METHODS
Data and samples for this investigation were obtained from the former A & M Products
mine, located approximately 5 km (3 mi) east of the town of Wrens, Georgia.  At the time of
fieldwork, three pits were open at the A & M mine.  Samples were collected from an exposed wall
in each pit, and the exposed strata were measured and described.  Each sample was stored in airtight
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plastic bags and later examined for color, grain size, composition, structures, fossil content, and
other notable characteristics such as plasticity and fracture.  The dimensions and geometry of the
Twiggs clay deposit were determined through construction of isopach maps based on driller's logs
and core descriptions made available by A & M Products.  Construction of the maps is discussed in
Chapter 1.
Scanning electron microscopy (SEM) was used to examine 22 selected samples for
microfossil content and textural relationships.  Freshly broken surfaces were carbon coated for
examination on a JEOL 840A microscope with energy dispersive spectrometer and digital imaging
capability.
Five samples were examined with x-radiography to detect structures not evident under a
binocular microscope.  Because of the extremely friable nature of the material, obtaining an
oriented sample slab of uniform thickness was difficult.  Limited success was achieved only
encasing samples in "Epofix" epoxy by Struers prior to slicing.  The samples were cut perpendicular
to bedding, approximately one centimeter thick, and were X-rayed for thirty seconds.
RESULTS
Stratigraphic Sections
The three sampled sections are illustrated in Figures 1.4, 1.8, and 1.13.  Individual sections
are described in detail in Chapter 1, and mineral composition is discussed in detail in Chapter 2.  A
summary of these descriptions is provided here.
The base of the clay section was exposed at two sites, South Bynes and Pilcher.  Below the
clay is a hard, light-colored sandstone, and above the clay section is an orange-red, loosely
consolidated, poorly sorted sand.  Between these two sands, four clay strata were noted, although all
four strata are not present at each site.  The lower three are similar in mineralogy; the upper stratum
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is distinct in appearance and mineral composition.  No macrofossils were observed, and no
carbonates were detected with HCl.
The lower three strata are composed predominantly of disordered silica and smectite with
lesser amounts of quartz and minor kaolinite and illite/mica.  The basal stratum (FE1) ranges from
one to over five meters (3 to >16 ft) in thickness.  It is characteristically hard, massive, light in both
color and density, and contains the greatest proportion of disordered silica.  The transition to the
overlying FE2 stratum is subtle.  Clay of the FE2 stratum is typically softer than FE1, slightly
crumbly, and thin-bedded.  Bedding planes are dusted with fine sand and mica.  The FE2 stratum is
absent from the Pilcher exposure and measures one to one and one-half meters (3 to 5 ft) in
thickness in the other two exposures.  The third stratum, FE3, is only observed in one exposure
where it measures 4 meters (13 ft) in thickness.  Clay from FE3 is characteristically crumbly and
slightly plastic.  The color is light, similar to FE1 and FE2, but with abundant orange, iron oxide-
hydroxide coatings.  The FE2 and FE3 strata are similar in mineral composition and generally
contain a smaller proportion of disordered silica and larger proportion of smectite relative to FE1.
The uppermost clay stratum, PL, was evident at only the Pilcher site where it measures 3.5
meters (11 ft) in thickness.  The PL stratum lies directly on FE1, above a prominent erosional
surface; FE2 and FE3 strata are absent.  Scours into the FE1 stratum are filled with clay similar to
PL material (Figure 1.17).  Mineral composition of PL clay is kaolinite and smectite with lesser
quartz and illite/mica.  PL clay is characteristically plastic and crumbly.  The color is distinctive
gray and deep red mottling.  No macrofossils were observed and no carbonates were detected with
HCl.
In addition to the scoured surface at the base of the PL stratum, two very large scours or
small channel structures were observed at the Pilcher site.  The channels cut through the PL stratum
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and into the FE1 stratum (Figure 1.18).  Channel-fill is a jumble of PL-type clay with clasts of FE-
type clay, sand, and chert pebbles to small cobbles.
Geometry of the Clay Deposit
Geometry of the clay deposit is discussed in detail in Chapter 1.  Isopach maps reveal two
lenses of clay, elongate parallel to strike, southwest to northeast.  Between the two lenses is an area
approximately 300 m (1000 ft) wide and trending perpendicular to strike where clay is apparently
absent.  The eastern lens is almost completely delineated by the available data.  This lens is
approximately three kilometers (<2 mi) long and one to two kilometers (1/2 to 1 mi) wide.  The clay
is generally thickest in the center of the lens, thinning in all directions.  Maximum clay thickness is
approximately ten meters (33 ft).
The full extent of the western lens cannot be determined from available data, but the lens is
at least 1.2 kilometers (4000 ft) wide.  The western lens is significantly thicker than the eastern lens,
with clay in excess of 18 m (60 ft) thick encountered at the western limit of the data.  The clay
apparently extends to the north and west beyond the limits of the data; to the east and southeast,
clay thickness diminishes to zero.
Scanning Electron Microscopy
SEM examination and elemental analysis demonstrates that FE samples contain abundant
lepispheres, or aggregates of bladed crystals, composed of silicon and oxygen.  The lepispheres are
typically one to three microns in diameter (Figure 5.1) and exhibit free-growth morphology,
particularly in highly opaline samples.  Morphology is less well defined in FE samples with higher
clay content.  Micro-porosity in the FE samples is high (Figure 5.2).  No lepispheres are observed in
PL samples.  Typical microfabric of PL samples is intergrown, or densely arranged, clay flakes
(Figure 5.3).  Although kaolinite is a major constituent of PL, no vermiform or "book" morphology
are observed.  Relatively larger (10 µm to >100 µm) sub-euhedral quartz and mica are observed in
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both FE and PL samples, but these are not common.  Smectite, in both PL and clay-rich FE
samples, displays honeycomb-like arrangement (Figure 5.4).
Figure 5.1  Silica lepispheres in sample P13dk.
Figure 5.2  Sample P3 from FE1 stratum showing typically high porosity of FE strata
samples.
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Figure 5.3  Sample P15 from PL stratum showing typical dense intergrowth of clay.
Figure 5.4  Honeycomb arrangement of smectite flakes in sample B22.
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Molds or casts of siliceous microfossils, predominantly diatoms, are abundant in samples
from the FE strata.  Large (200 µm) and small (10 µm) centric and colonial diatoms are present; no
pennates were observed (Figure 5.5).  In places, arrangement of lepispheres preserves some details
of frustule morphology and areolation patterns (Figures 5.6 and 5.7).  Molds of sponge spicules also
are observed, with axial canals filled by silica lepispheres (Figure 5.8).
Radiography
Suitable sections for radiography could not be obtained from the middle and upper strata due
to the crumbly and thin-bedded nature.  The five samples examined all represent the lowest stratum.
Field exposures of the lower Twiggs clay section have a massive appearance; however, radiographs
reveal poorly preserved lamination defined by thin sandy partings (Figure 5.9).  The partings are
planar to slightly crenulated and are discontinuous over a small scale (<10 cm).  Limited cross-
lamination is seen in two samples (Figures 5.10 and 5.11).  The cross-laminated sections are thin,
Figure 5.5  Sample B19 showing abundant molds or casts of diatoms. In the center of the
photo is an impression of large centric diatom with smaller centric diatoms.  Arrows indicate
colonial diatoms.
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less than three centimeters (1 in) in height.  Bright spots (Figure 5.10) and bands (Figures 5.11)
correspond to manganese oxyhydroxides visible in hand samples.  These are concentrated on
bedding planes and fracture surfaces.  The fractures are small-scale, less than 3 cm (1 in) long, and
cut across bedding.  Also evident in Figure 5.11 are two low-angle burrows, approximately five
centimeters (2 in) or less in length.
DISCUSSION
The Twiggs was originally considered a bentonite, produced by alteration of rhyolitic ash in
marine or brackish waters (Reynolds, 1970; Gibson and Towe, 1971).  Supporting evidence for this
was found in zeolites associated with opal and smectite.  Subsequent investigations found little
evidence to support a primary volcanic origin but recognized a significant biogenic component
(Weaver and Wise, 1974).  The current investigation demonstrates that the opaline phase of the FE
strata is clearly biogenic in origin.  It is evident from the abundance of molds and casts that
Figure 5.6  Large centric diatom in sample P5.  Arrangement of lepispheres preserves diatom
girdle bands.
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siliceous microorganisms, particularly diatoms, contributed a significant proportion of the FE
sediment, and the FE strata can accurately be described as altered diatomite.
Figure 5.7  Large centric diatom in sample P13lt.  Arrangement of lepispheres appears to
mimic areolation pattern.  Right side of photo also shows edge-view of centric diatom and
partially filled sponge spicule.




Figure 5.9  Radiograph of (a) sample B22 and (b) sample P5 showing lamination defined by






Figure 5.10  Radiograph of sample B16 showing thin zone of cross-lamination.  Bright spots
are concentrations of Fe- and Mn- oxyhydroxides.
~ 10  cm
Figure 5.11  Apparent low-angle burrows at center and upper right corner of sample B13.
Bright zones are concentrations of Fe- and Mn- oxyhydroxides.
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Formation of Diatomite
Diatom sedimentation requires conditions favorable for massive, sustained phytoplankton
growth and preservation of biosediments.  Diatom growth requires adequate sunlight and nutrients,
especially silica, which often limits population growth (Smetacek, 1988).  Sustained high levels of
productivity require nutrient replenishment in the photic zone.  In modern settings, coastal
upwelling often sustains low latitude marine diatom blooms.  Upwelling requires favorable
orientation of the coastline and prevailing winds, conditions typically found along segments of
coastline parallel to regional prevailing winds directed toward the equator.  In modern oceans, this
configuration is most often found on the west side of continents (Thiede and Suess, 1983).  Coastal
upwelling to enrich nutrients was probably not significant along the late Eocene paleoshoreline of
Georgia.
On a global scale, the Eocene was a time of elevated silica sedimentation in the oceans.  The
Ocean Drilling Project has found evidence of Eocene age cherts or biosiliceous sediments in the
Atlantic, Caribbean, and Pacific Ocean basins (Ramsay, 1971; Heath and Moberly, 1977; Lancelot,
1977).  Similar deposits of Eocene age are also identified at various onshore locations around the
globe (Gibson and Towe, 1971; Marty et al., 1988; McGowran, 1989a; Gammon and James, 2003).
On the Gulf Coastal Plain, the Tallahatta Diatomite of Alabama and the Black Mingo Formation of
South Carolina are Eocene age units that are mineralogically similar to the Twiggs and also are
apparently biogenic in origin (Hastings and McVay, 1963; Heron, 1973; Wise and Weaver, 1973).
This suggests that conditions in the late Eocene were favorable for silica accumulation at locations
around the globe, and the specific conditions that permitted biosedimentation near Wrens were not
extraordinary, but recurring in the region.
McGowran (1989b) attributes the late Eocene global exhalation of oceanic silica to a unique
sequence of events.  The warm, humid climate of the early Eocene facilitated intense weathering
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and the release of large amounts of silica into solution.  Extensive volcanism associated with the
Chron 24 plate reorganization reinforced greenhouse conditions and also supplied silica.  Relatively
lower temperature gradients diminished oceanic circulation.  McGowran speculates that silica
accumulation in the oceans peaked in the middle Eocene.  Near the close of the Eocene, major
cooling rejuvenated circulation and stimulated biomineralization.
On a regional scale, other mechanisms could have contributed to nutrient enrichment in the
area of Twiggs deposition.  While it is doubtful that volcanic sediments were volumetrically as
important as biogenic sediments, it is likely that ash fall indirectly contributed to Twiggs formation
by enriching waters with silica and other nutrients necessary to sustain diatom production.  Potential
Eocene sources of volcanic material are southwestern Texas, the Caribbean, and Central America
(Gibson and Towe, 1971; Mattson and Pessagno, 1971; Byerly, 1991; Sigurdsson et al., 2000).
Transport of volcanic sediments from these source areas toward the Gulf and Atlantic Coastal
Plains by prevailing westerly winds is supported by Heron's (1973) observation that the "lower
Tertiary zeolite-opal facies" thickens to the west and Gibson and Towe's (1971) observation of a
similar decrease in thickness to the north.
It is also possible that favorable oceanic currents delivered volcanic sediments and silica-
enriched waters.  Pre-emergence of the land bridge at the Isthmus of Panama permitted
communication between the Pacific and Atlantic Oceans.  Ramsay (1970; 1971) postulates that
oceanic circulation during the Eocene carried waters from the Caribbean and Pacific into the Gulf of
Mexico and Atlantic Ocean.  The Gulf and Atlantic were connected by the Suwannee Current
flowing through the Gulf Trough (Herrick and Vorhis, 1963).  Until the earliest Eocene, the
dominant flow from the Gulf of Mexico to Atlantic was through the Gulf Trough (Dillon and
Popenoe, 1988).  By the late Eocene, the Suwannee Current was greatly diminished as Gulf Stream
flow strengthened (Huddlestun, 1990).  This places the time of Twiggs formation near the close of
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this marine connection.  Episodic or sluggish flow through the Trough may have been beneficial to
production by increasing the residence time of nutrient-rich water.
On a local scale, fluvial discharge can directly fertilize coastal waters, spurring increased
productivity.  This effect is most pronounced when associated with intense weathering in the
drainage basin.  High concentrations of diatoms are associated with coastal waters in front of the
Amazon River (Diester-Haass, 1983).  During the late Cretaceous and middle Eocene, intense
weathering produced large kaolinite deposits in deltaic and marginal marine environments in
Georgia and South Carolina (Kogel et al., 2000).  Climatic conditions conducive to extensive
weathering persisted into the late Eocene, and it is not unreasonable to expect similar environments
of kaolinite formation contemporaneous with Twiggs deposition.  Rivers draining these
environments would sustain nutrient loads in adjacent coastal waters.
Another possible factor contributing to silica enrichment that should be mentioned is the
intense cosmic bombardment that occurred in the late Eocene (Farley et al., 1998; Vonhof et al.,
2000; Whitehead et al., 2000).  This is recorded in concentrations of microtektites in late Eocene
sediments around the globe (Keller et al., 1987; Liu et al., 2000).  The North American tektite
strewn field extends from the Caribbean to the northwest Atlantic and contains an estimated
109 metric tons of glassy, silica-rich microtektites (Glass and Zwart, 1979).  Albin and Wampler
(1996) speculate that the Twiggs Clay rests directly on an impact ejecta layer.  The ejected materials
are presumably only metastable at normal surface temperatures and pressure and should have
contributed positively to the silica content of the oceans at the time.
Depositional Setting
Regionally, facies relationships between the Twiggs and dip-equivalent units suggests a
marine or transitional setting, although these associations cannot be directly observed for the Wrens
lens.  However, the units directly above and below the Twiggs are visible at Wrens.  The Wrens
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lens rests on a sandstone that is similar to descriptions of the Clinchfield Sand or Irwinton Sand
(Huddlestun and Hetrick, 1986; Fallaw and Price, 1995).  Overlying the clay section at Wrens are
sands that are more similar to the Miocene Altamaha Formation than the upper Eocene Tobacco
Road Sand (Huddlestun and Hetrick, 1986; Fallaw and Price, 1995).  The flat quartz pebble bed that
marks the base of the Tobacco Road Sand in much of eastern Georgia is not seen above the Twiggs
Clay at Wrens.  East of Wrens, at the United States Department of Energy Savannah River Site, the
Altamaha lies directly on Dry Branch sediments.  The Altamaha sands are considered to be fluvial
in origin (Fallaw and Price, 1995).
Fossil evidence provides few clues to the depositional environment at Wrens.  Fossils are
essentially limited to molds of diatoms and sponge spicules and a few burrows.  Some diatom
species are useful as salinity indicators; however, it is difficult to infer a specific environment or
water salinity from diatoms in these samples because too few morphological details are preserved
for species identification.  One mold resembles Actinoptychus (Figure 5.12), previously identified
in the Twiggs Clay from near Wrens and elsewhere in Georgia (Weaver and Wise, 1974, Fig. 1C;
Schmidt and Wise, 1982, Plate 2-1 and 2-2).  Normal marine salinity is indicated by this taxon,
which is intolerant of fresh or brackish conditions.  No pennate diatoms were noted in these
samples.  This group is largely, though not exclusively, benthic or sessile, and their apparent
absence might suggest a water depth greater than the photic zone.
Near absence of trace fossils can indicate anaerobic bottom water conditions, but the
absence of sulfides and extremely light color of these sediments are contra-indicators.  Rather, the
scarcity of burrowing organisms is attributed to very rapid sedimentation conditions.  The shallow,
inclined nature of the few burrows observed suggests feeding burrows in intermediate water depths
rather than protective structures in shallow turbulent water (Seilacher, 1967; Blatt et al., 1972).
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The evidence is consistent with rapid biosedimentation in a quiet setting for the Twiggs lens
near Wrens.  Very fine grain size throughout the section indicates a low energy environment;
turbulence within the water column was not sufficient to prevent sedimentation of diatom tests.  A
large photic zone, not limited by turbidity, would be advantageous for proliferation of diatoms.
Scant evidence of ripples or cross-bedding suggests that the depositional surface was little affected
by surface waves or currents.  Apparently massive bedding in the lower FE section also suggests
relatively uninterrupted rain of biosediments, and the paucity of detrital material argues for some
distance from the source.  Fine sand stringers within the massive clay and fine sand with mica on
bedding planes in the mid- to upper FE suggest periodic fluctuation in the sediment supply or
disturbance by storms.  Thin-bedding in the mid- to upper FE Twiggs may represent a position
relatively closer to the source receiving more frequent pulses of detrital sediment (Blatt et al., 1972;
Collinson and Thompson, 1989).
Figure 5.12  Diatom mold resembling Actinoptychus in sample B19.
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Post-depositional Erosion
The lenticular shape of the clay deposit near Wrens is apparently characteristic of the
Twiggs across east-central Georgia (Huddlestun and Hetrick, 1979).  The discontinuous nature of
the Twiggs could be due to original depositional conditions, erosion, or both.  Gradual thinning
away from the middle of the lens argues for non-deposition, and discontinuity of environments over
relatively short distances could be expected in a dynamic nearshore marine setting.  However,
between the two clay lenses, relatively abrupt thinning perpendicular to strike suggests erosion
dissected a previously continuous clay deposit.  A prominent scour surface within the clay section
and channel structures cutting into the clay are clear evidence that erosion has shaped the Twiggs
deposit at Wrens.  The most reasonable interpretation is that the two clay lenses were originally one
deposit.
Two generations of Twiggs erosion are evident at Wrens.  The first is evidenced by a
prominent scour surface between the opaline FE strata and the overlying kaolinitic PL stratum.
This event apparently post-dates FE3 deposition.  The intensity of erosion varied over relatively
short distances.  Erosion was sufficient to entirely remove the FE2 and FE3 strata at one location,
but approximately 500 m (0.3 mi) away there is scant evidence of the scour surface and only a
suggestion of PL type material at the top of the clay section.  Small channels that cut through the PL
stratum and into FE1 are evidence of a second episode of subaerial erosion.  The tops of the
channels are obscured, but erosion definitely post-dates a large portion of PL deposition.
Undeformed clasts of FE-type material in the channel fill indicate that erosion occurred after FE
sediments were lithified.  Huddlestun and Hetrick (1979; 1986) describe concentrations of "scour
and fill structures" in the Dry Branch Formation.  The relative stratigraphic position of these
structures varies.  In eastern Georgia, specifically in mines near Wrens, lenses of Twiggs Clay
reportedly lie above the scours (Huddlestun and Hetrick, 1986); however, in other areas the Twiggs
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is reported below the scours.  It is unclear how either of the Wrens events correlates to the
Huddlestun and Hetrick's "scour and fill structures".
Diagenesis
Several lines of evidence support diagenetic transformation of the Twiggs silica at relatively
shallow depths and low temperatures.  The diagenetic transformation of biogenic amorphous silica
to progressively more ordered structures is well documented (Murata and Larson, 1975; Mizutani,
1977; Keller, 1984; Williams and Crerar, 1985).  Increased structural order is reflected in a
progressive decrease in d(101) spacing from near 4.10 Å (21.6o 2θ) to approximately 4.04 Å (22o
2θ).  The majority of Twiggs samples exhibit relatively large d(101), typically near 4.10 Å to 4.11
Å (21.6o 2θ).  This implies an early-formed disordered phase.  Murata and Nakata (1974) correlate
this to a burial depth of 200 m (650 ft) or less.  Since the rate of d(101) decrease is a function of
time and temperature (Mizutani, 1977), larger d(101) indicates a mild thermal history.
Diagenetic transformation of amorphous silica begins at relatively low temperatures,
approximately 50 oC or less is suggested by several studies (Murata and Larson, 1975; Hein et al.,
1978; Keller, 1984).  However, transformation to opal-ct may signal burial temperatures
significantly lower than 50 oC.  Formation of intermediate disordered structures is influenced not
only by temperature but sediment mineralogy and solution content.  This may explain Pisciotto's
(1981) observation of transformation onset at a range of temperatures from 18  oC to 56  oC.  Clay
minerals retard the formation of opal-ct from opal-a (Williams and Crerar, 1985; Hinman, 1998)
and increase the apparent temperature of transformation onset.  In relatively clay-free sediments,
conversion of biogenic opal may begin at temperatures 10  oC to 15  oC lower than in clay-rich
sediments (Keller, 1984).  Conversion of biogenic amorphous silica at temperatures significantly
lower than 50 oC is supported by Laws' (1990) observation that in modern sediments of the
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southeast Atlantic Coastal Plain, diatom frustules can disappear completely within 30 cm (2 ft) or
less of the surface.
The transitional, disordered phase is often characterized by spherical aggregates of tabular
crystals, or lepispheres (Weaver and Wise, 1972; Wise et al., 1972; Pollard and Weaver, 1973).
Although Carver (1980) found this morphology uncommon in opaline sediments of the southeastern
Atlantic Coastal Plain, lepispheric silica is abundant in the samples examined here.  Arrangement of
lepispheres commonly preserves some details of frustule morphology and pore arrangement,
indicating in-situ dissolution and re-precipitation of silica as molds or casts.  Preservation of this
delicate texture suggests relatively shallow burial depths and little compaction of sediments.
The lepispheres regularly exhibit free-growth morphology, indicating authigenic nature.
Pollard and Weaver (1973) speculate that silica lepispheres are best developed from solutions that
are relatively free of cations other than silica, while the presence clay minerals and associated
cations favors precipitation of impure, massive opal, or clay minerals.  Paucity of clay minerals
would promote transformation at lower burial temperatures, consistent with the observed larger
d(101) and delicate texture.
In places, smectite exhibits a honeycomb texture, suggesting authigenic formation (Figure
5.4).  There is some evidence to support transformation of disordered silica to smectite.  Textural
relationship of the two phases suggests smectite flakes apparently form at the expense of
lepispheres (Figure 5.13).  The shift to more abundant smectite in shallower samples may indicate
either more extensive conversion of opaline silica to smectite or decreased diatom productivity.
The most recent diagenetic event is precipitation of manganese and iron oxyhydroxides.
The late stage of this event is indicated by concentration of these phases on bedding planes and
fracture surfaces that dissect bedding.  This indicates oxygenating conditions, possibly following a








The Twiggs Clay is an upper Eocene claystone found downdip of the Fall Line in east-
central Georgia.  The Twiggs occurs as discontinuous lenses of smectitic clay interfingering with
sands, muds, and limestones deposited in transitional to marine environments.  In Jefferson County,
east of the town of Wrens, and near latitude 33o12'30" and longitude 82o21'00", two laterally
equivalent, lens-shaped deposits are defined.  Four strata are recognized.  The lower three strata are
mineralogically similar, consisting primarily of disordered silica and smectite with lesser amounts
of quartz.  The upper stratum is a red and grey plastic clay consisting predominantly of kaolinite
and smectite with lesser quartz.  A prominent erosional surface separates the lower opaline facies
from the overlying plastic clay.
Abundant molds and casts of siliceous microfossils are clear evidence of the biogenic nature
of the opaline facies.  Diatomaceous sediments most likely accumulated rapidly in a low-energy
environment of normal marine salinity.  High productivity was sustained by favorable oceanic
circulation carrying nutrient rich water from the Caribbean.  Ash fall from volcanic activity in
Central America and west Texas contributed silica.  Locally, fluvial outflow supplemented nutrient
levels and encouraged high productivity.
In-situ dissolution and re-precipitation transformed biogenic amorphous silica to lepispheres
of disordered silica.  This transformation likely occurred at relatively low temperatures.  Later,
authigenic smectite formed from lepispheric silica and pore water cations.  Finally, relative
sediment uplift or water table descent caused iron and manganese oxyhydroxides to precipitate,
predominantly along fracture surfaces and bedding planes.
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The Twiggs Clay is an upper Eocene claystone found as discontinuous deposits downdip of
the Fall Line in the Coastal Plain Province of eastern and central Georgia.  Stratigraphically, the
Twiggs is assigned to the Dry Branch Formation of the Barnwell Group, a complex assemblage of
sands, muds, and limestones deposited in transitional to marine environments.  Mineral composition
of the Twiggs varies across the outcrop belt but is generally smectitic.  Some deposits, particularly
in the western and downdip areas, are calcareous, glauconitic, and fossiliferous.  In the updip and
eastern areas calcite and glauconite are uncommon, and the Twiggs is characteristically smectitic
and opaline.
In eastern Georgia, near the town of Wrens, two lens-shaped deposits represent a distinctive
facies of the Twiggs Clay.  This facies is hard, brittle, near white in color, very low in density, and
has economic value for its sorption capacity.  This investigation examines the nature and origin of
this unique facies and explores potential commercial application of the resource.
Four strata and two mineralogic assemblages are recognized in the Wrens deposit.  The
lower three strata are mineralogically similar and consist predominantly of disordered silica with
smectite and lesser amounts of quartz.  Illite/mica and kaolinite are minor constituents.  The
smectite is dioctahedral, and is typically present in quantities subordinate to opal.  The X-ray
diffraction signature of the opaline phase is most similar to that of tridymite, with little contribution
from cristobalite-like domains.  These strata are characteristically light in color and density.  The
lower stratum is typically hard and massive, but the two overlying strata are thin-bedded.
The uppermost stratum is found above a prominent erosional surface.  This stratum is unique
in terms of mineralogy, texture, and color.  The composition is predominantly kaolinite and smectite
with lesser amounts of quartz.  Illite/mica is a minor component and disordered silica is not
detected.  The clay is typically plastic and crumbly, and the color is distinctive maroon and gray
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mottling.  This stratum is unlike any previously published descriptions of Twiggs.  It is unclear
from this investigation if the uppermost clay stratum at Wrens belongs to the Eocene age Twiggs
Clay or represents a younger deposit.
Within the Wrens deposit, the cation exchange capacity varies widely and is controlled by
the proportion of smectite.  Variations in the exchanged-cation population at different sampling
locations are noteworthy.  At the margin of the clay lens, calcium dominates and aluminum is
absent from the exchange complex.  By contrast, in the thick clay section near the center of the clay
lens, the exchange complex is generally dominated by aluminum.  These differences are explained
by variation in pore water pH.  Aluminum released by decomposition of clays in slightly acidic pore
waters entered exchange sites, displacing calcium and other cations.  This process reduced the
exchange capacity of the clay.  Soluble silica is observed at all locations but is most abundant at the
lens margin.  It is likely soluble silica is less abundant where aluminum was available for re-
precipitation of smectite.
Because of the significant silica and kaolinite impurities, the exchange capacity of the
Wrens facies is considerably less than that of a more pure smectite resource.  However, the potential
of the more smectite-rich strata as a cation-exchanger should not be eliminated without further
investigation.  The dynamics of cation-selectivity in complex natural systems are not well
understood.  The efficacy of the Twiggs smectite in a specific cation-exchange or retention process
should be determined on a case-by-case basis.
Sorption capacity of the Wrens facies is typically high for water and moderate for oil.  Both
smectite and opal are active in the sorption process.  Sorption is generally greater in more opaline
samples; however, this may be due to sample porosity and permeability rather than mineralogy.
Correlations between sorption capacity and mineralogy suggest that different mechanisms drive
sorption of oil and water, with sorption of oil more strongly correlated to opal content.  This
apparent relationship should be tested by evaluating additional samples.
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The Wrens facies of the Twiggs Clay has good potential for a variety of sorbent
applications.  Its value as a water absorbent is demonstrated, but the potential as a clarifying agent
should be investigated, especially considering that there are apparently two mineral phases active in
the sorption process.  The very small particle size and high microporosity might be effective
filtering agents.  The greatest potential for this lies in the lower density clay near the base of the
Twiggs.
Although smectite is abundant, if not predominant, in the Twiggs, the Wrens samples do not
exhibit thixotropy and do not approach the viscosity standards required by API.  Substantial
impurities occur within the clay size fraction, and it is unlikely that physical separation processes
could improve purity and produce a thixotropic material.
The opaline Wrens facies is clearly biogenic in origin.  Diatomaceous sediments most likely
accumulated rapidly in a low-energy environment of normal marine salinity.  High productivity was
sustained by favorable oceanic circulation carrying nutrient laden waters from the Caribbean
through the Gulf Trough.  Silica and other nutrients were supplied by ash fall from volcanic activity
in western Texas and Central America.  Fluvial discharge of silica laden waters locally
supplemented nutrient levels and encouraged high productivity.
Biogenic amorphous silica was transformed into disordered, lepispheric silica through in-
situ dissolution and re-precipitation.  This process likely occurred at relatively low temperatures.
Reactions between clay minerals and pore waters modified the exchanged cation complex and
decreased total exchange capacity of the clay.  Authigenic smectite formed at the expense of
lepispheric silica.  The most recent diagenetic event was precipitation of iron and manganese
oxyhydroxides along bedding planes and fracture sufaces.
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APPENDIX I
XRD PEAK DATA FOR QUANTITATIVE REPRESENTATION OF MINERALOGY
Quartz (3.34Å) Opal (4.107 Å) Total Clay (4.5 Å) Smectite (15 Å) Illite/Mica (10 Å) Kaolinite (7.17 Å)Sample
ID Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area
B13 1165 14509 195 11501 82 2475 167 9019 58 340 42 479
B14 513 6181 181 10080 94 2823 175 10270 45 184 40 499
B15 1022 13772 188 11101 65 2475 107 4991 46 275 27 241
B16 742 9421 200 11144 79 2383 149 7265 31 328
B17 533 7060 128 7501 99 3689 239 12107 54 274 47 565
B18-r 304 3289 279 15527 90 3120 202 10163 40 170 32 298
B19 704 5519 256 13554 87 2195 185 9864 27 269
B20 217 2636 250 15222 56 1635 155 6390 22 91
B21 166 1805 165 8605 75 2783 206 9825
B22 293 2991 131 6535 122 4653 361 19968
B23 265 3170 179 10364 116 4463 360 18904 28 122
B24 282 2638 223 14708 102 3737 297 16533 33 110
B25 266 3037 140 8483 83 3146 232 11649
B26-r 290 3825 250 13411 96 3902 296 14912 36 175
B27 294 3559 134 7285 96 3162 240 12992
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XRD PEAK DATA FOR QUANTITATIVE REPRESENTATION OF MINERALOGY
Quartz (3.34Å) Opal (4.107 Å) Total Clay (4.5 Å) Smectite (15 Å) Illite/Mica (10 Å) Kaolinite (7.17 Å)Sample
ID Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area
B28 214 2010 133 6376 87 3144 239 12619
B29-r 215 2023 225 12130 60 1958 149 7610
B30 296 3122 148 8101 83 2740 209 10893 9 46
B31 245 2888 178 10075 87 3283 199 10482 18 161
B32 499 6232 111 6558 135 3949 283 18779
B33 163 1993 95 5514 103 3206 172 11681 19 256
B34 164 2124 171 9783 90 2910 177 11873
B35 223 2599 64 4563 111 2814 372 22572 31 56 16 141
B36 311 4003 144 7674 174 6272 527 28668
B37 386 4777 130 8928 145 4173 414 21536 86 1281
B38 551 5601 131 3164 428 25336 24 104 151 2670
B39 1613 17972 74 5026 118 3521 341 18062 64 298 172 3355
B40 1199 13410 135 3244 326 17952 56 325 218 3894
P01 367 3894 262 14124 63 2210 117 5396 12 76
P02 288 3789 229 13132 69 1804 90 4758 16 297
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XRD PEAK DATA FOR QUANTITATIVE REPRESENTATION OF MINERALOGY
Quartz (3.34Å) Opal (4.107 Å) Total Clay (4.5 Å) Smectite (15 Å) Illite/Mica (10 Å) Kaolinite (7.17 Å)Sample
ID Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area
P03 856 8459 152 8672 70 2158 91 6329 35 177
P04 528 6782 174 9840 73 2583 114 6436 41 224
P05 250 3923 306 17104 102 3326 189 9941 30 138
P06 289 2754 182 10489 79 2372 161 8552 20 111 29 218
P08 276 3180 374 21891 77 2677 190 9315
P09 290 3327 328 18132 104 3042 202 10722 25 102 32 385
P10 341 4105 230 12528 101 2698 241 11996 22 133 62 996
P11 352 4242 274 15209 116 3018 225 13152 25 115 30 374
P12 389 4443 143 7860 140 3631 344 17485 68 1032
P13-r 364 4989 222 12354 108 2863 277 14070 29 111 71 895
P14 339 4501 80 2293 132 9880 39 175 175 3599
P15 393 4596 114 2735 155 11765 146 2443
P16 518 6412 161 3975 444 28167 43 186 116 1840
P17 615 7405 141 3804 326 21154 37 166 155 2912
P18 565 6398 133 3430 304 18401 142 2531
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XRD PEAK DATA FOR QUANTITATIVE REPRESENTATION OF MINERALOGY
Quartz (3.34Å) Opal (4.107 Å) Total Clay (4.5 Å) Smectite (15 Å) Illite/Mica (10 Å) Kaolinite (7.17 Å)Sample
ID Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area
P19 481 5699 147 5200 337 21154 37 136 127 2440
P20 937 10515 132 3698 203 11849 147 2965
P21 973 11744 114 3049 124 6505 189 3704
P26 343 4495 184 11594 111 2850 231 12748 38 566
P27-r 254 3387 220 11270 118 3365 343 19526 28 325
P28 299 3485 204 11567 126 5110 264 13927 49 694
P29 194 2205 295 16774 97 3345 208 13126 27 82 53 656
P30 502 5190 136 2958 285 17725 122 2417
P31 532 6030 151 3821 229 15108 113 1999
SB01 1202 12162 350 19312 80 2762 156 6748 37 157
SB02 505 6920 334 17951 81 2474 231 10439 51 232
SB03 357 4156 310 20192 90 3062 192 9072
SB04 448 4089 73 4051 89 2816 182 10926 21 95 20 251
SB05 262 3022 40 2345 95 3258 255 16065 25 289
SB06 415 3818 88 4954 83 2533 208 12859 41 252 27 207
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XRD PEAK DATA FOR QUANTITATIVE REPRESENTATION OF MINERALOGY
Quartz (3.34Å) Opal (4.107 Å) Total Clay (4.5 Å) Smectite (15 Å) Illite/Mica (10 Å) Kaolinite (7.17 Å)Sample
ID Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area Intensity Area
SB07 257 3375 222 12560 100 3381 221 12721 20 99
SB09 816 9393 384 21515 69 1785 154 7287 26 125
SB10 400 5197 387 20816 86 2870 165 7378 47 194
SB11 313 3234 409 22818 73 2750 139 5953
SB12 320 3503 22 1679 86 3145 191 13400 23 88 27 508
SB13 216 2847 22 1218 82 3087 258 16171 30 471




Sample ID % Quartz % Opal % Total Clay(S + I + K) % Smectite % Illite % Kaolinite
B13 25.94 39.89 34.16 24.42 5.02 4.72
B14 13.00 41.14 45.85 32.46 6.72 6.68
B15 25.31 39.58 35.11 22.82 7.08 5.21
B16 19.06 43.73 37.21 26.90 5.88 4.44
B17 14.09 29.05 56.85 36.08 10.67 10.11
B18-r 5.72 52.39 41.89 24.86 10.56 6.48
B19 11.32 53.93 34.75 19.94 9.16 5.65
B20 5.89 65.93 28.18 21.77 5.09 1.33
B21 4.51 41.75 53.73 45.21 7.21 1.32
B22 5.80 24.57 69.63 61.20 7.21 1.21
B23 5.49 34.83 59.68 52.32 5.35 2.01
B24 4.40 47.54 48.07 42.65 4.27 1.15
B25 6.94 37.59 55.47 48.99 5.65 0.84
B26-r 6.38 43.39 50.23 46.74 2.45 1.05
B27 8.45 33.57 57.98 54.87 2.55 0.56
B28 5.20 32.00 62.80 56.96 5.84 0.00
B29-r 4.97 57.86 37.17 32.48 2.49 2.19
B30 7.81 39.30 52.89 47.40 2.86 2.63
B31 6.04 40.91 53.05 31.85 2.69 18.51
B32 12.60 25.73 61.66 47.35 4.13 10.18
B33 5.32 28.57 66.11 47.36 4.06 14.69
B34 4.88 43.56 51.56 46.89 3.14 1.54
B35 7.83 26.68 65.48 59.25 2.00 4.23
B36 5.95 22.12 71.94 69.20 1.89 0.85




Sample ID % Quartz % Opal % Total Clay(S + I + K) % Smectite % Illite % Kaolinite
B38 11.20 0.00 88.80 49.11 2.74 36.95
B39 32.73 17.76 49.51 32.21 1.61 15.68
B40 22.76 0.00 77.24 29.32 5.13 42.79
P01 8.05 56.66 35.28 28.27 7.02 0.00
P02 8.77 58.98 32.24 26.06 3.57 2.61
P03 20.17 40.11 39.72 33.99 4.32 1.41
P04 14.80 41.67 43.53 35.26 7.22 1.05
P05 6.25 52.85 40.90 32.78 5.90 2.21
P06 6.65 49.13 44.22 38.73 3.26 2.23
P08 4.80 64.04 31.16 25.35 3.27 2.54
P09 5.37 56.75 37.89 30.50 3.20 4.18
P10 8.34 49.36 42.30 32.16 3.12 7.02
P11 7.44 51.72 40.84 35.54 1.62 3.68
P12 9.31 31.95 58.74 45.77 3.28 9.69
P13-r 9.77 46.94 43.29 30.90 3.80 8.58
P14 12.27 0.00 87.73 38.21 5.56 43.95
P15 10.70 0.00 89.30 52.42 4.99 31.90
P16 10.31 0.00 89.69 57.94 3.40 28.34
P17 12.18 0.00 87.82 37.88 4.12 45.81
P18 11.73 0.00 88.27 32.92 3.54 51.81
P19 7.25 0.00 92.75 43.79 3.81 45.16
P20 16.85 0.00 83.15 30.16 2.67 50.32
P21 21.54 0.00 78.46 8.82 2.55 67.09
P26 9.18 45.91 44.91 38.18 1.32 5.41




Sample ID % Quartz % Opal % Total Clay(S + I + K) % Smectite % Illite % Kaolinite
P28 5.33 34.33 60.34 40.56 2.19 17.60
P29 3.64 53.73 42.63 37.28 0.86 4.49
P30 11.12 0.00 88.88 45.86 3.24 39.78
P31 10.11 0.00 89.89 43.82 3.37 42.70
SB01 17.14 52.81 30.05 23.69 4.76 1.60
SB02 11.37 57.24 31.39 25.94 4.18 1.27
SB03 6.21 58.50 35.30 28.95 5.68 0.67
SB04 12.14 23.33 64.53 50.20 5.84 8.49
SB05 9.24 13.90 76.86 61.30 5.70 9.87
SB06 11.58 29.14 59.29 39.62 5.57 14.10
SB07 6.27 45.25 48.48 39.58 3.24 5.66
SB09 14.47 64.30 21.23 17.92 2.72 0.59
SB10 7.67 59.62 32.71 27.08 4.38 1.25
SB11 4.71 64.41 30.89 23.75 5.56 1.59
SB12 11.29 10.49 78.22 57.29 3.57 17.36
SB13 9.80 8.14 82.06 63.52 4.61 13.93
















B13 4.102 -0.005 4.315 -0.013
B14 4.104 -0.003 4.328 0.000
B15 4.106 -0.001 4.318 -0.010
B16 4.107 0.000 4.319 -0.009
B17 4.099 -0.008 4.322 -0.006
B18-r 4.101 -0.006 4.333 0.005
B19 4.102 -0.005 4.326 -0.002
B20 4.103 -0.004 4.324 -0.004
B21 4.097 -0.010 4.324 -0.004
B22 4.091 -0.016 4.312 -0.016
B23 4.100 -0.007 4.316 -0.012
B24 4.100 -0.007 4.318 -0.010
B25 4.097 -0.010 4.321 -0.007
B26-r 4.099 -0.008 4.324 -0.004
B27 4.097 -0.010 4.311 -0.017
B28 4.093 -0.014 4.326 -0.002
B29-r 4.090 -0.017 4.314 -0.014
















B31 4.107 0.000 4.327 -0.001
B32 4.122 0.015 4.325 -0.003
B33 4.102 -0.005 4.331 0.003
B34 4.099 -0.008 4.326 -0.002
B35 4.112 0.005 4.352 0.024
B36 4.106 -0.001 4.325 -0.003
B37 4.125 0.018 4.321 -0.007
B39 4.135 0.028 4.326 -0.002
P01 4.101 -0.006 4.32 -0.008
P02 4.094 -0.013 4.332 0.004
P03 4.103 -0.004 4.32 -0.008
P04 4.102 -0.005 4.315 -0.013
P05 4.098 -0.009 4.332 0.004
P06 4.094 -0.013 4.322 -0.006
P08 4.100 -0.007 4.326 -0.002
P09 4.095 -0.012 4.325 -0.003
P10 4.106 -0.001 4.33 0.002
















P12 4.101 -0.006 4.326 -0.002
P13-r 4.108 0.001 4.325 -0.003
P26 4.116 0.009 4.325 -0.003
P27-r 4.100 -0.007 4.331 0.003
P28 4.111 0.004 4.32 -0.008
P29 4.109 0.002 4.321 -0.007
SB01 4.100 -0.007 4.319 -0.009
SB02 4.102 -0.005 4.326 -0.002
SB03 4.101 -0.006 4.32 -0.008
SB09 4.102 -0.005 4.32 -0.008
SB10 4.100 -0.007 4.32 -0.008
SB11 4.095 -0.012 4.329 0.001
SB04 4.110 0.003 4.323 -0.005
SB06 4.127 0.020 4.322 -0.006
SB05 4.116 0.009 4.323 -0.005
SB12 4.132 0.025 4.327 -0.001
SB13 4.141 0.034 4.327 -0.001
SB14 4.105 -0.002 4.348 0.020
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B13a 30.71 27.03 93.2 0.26 21.62 0.00 0.48 6.17 0.45 0.34 1.39
B13b 29.83 25.76 92.9 0.20 20.90 0.05 0.48 6.00 0.46 0.32 1.41
B14a 35.33 32.25 94.6 0.45 25.23 0.00 0.58 7.27 0.03 0.34 1.42
B14b 35.40 30.81 94.5 0.46 25.16 0.00 0.57 7.38 0.04 0.35 1.43
B17a 42.43 38.50 90.5 0.42 29.18 0.00 0.66 8.39 0.02 0.19 3.58
B17b 42.17 38.41 90.4 0.46 28.93 0.00 0.66 8.35 0.02 0.19 3.57
B18a 37.73 34.17 85.0 0.10 24.38 0.00 0.45 7.05 1.77 0.18 3.81
B18b 37.13 33.55 86.0 0.29 24.37 0.00 0.45 6.98 0.85 0.15 4.05
B19a 36.25 33.81 85.7 0.47 23.60 0.00 0.39 6.88 1.06 0.20 3.64
B19b 36.09 34.57 85.4 0.45 23.41 0.00 0.39 6.84 1.09 0.19 3.72
B20a 33.28 27.78 91.4 1.02 22.92 0.01 0.35 6.65 0.47 0.51 1.35
B20b 32.39 28.91 92.0 0.96 22.55 0.00 0.33 6.52 0.37 0.40 1.27
B21a 36.45 33.04 90.3 1.85 24.62 0.02 0.34 7.61 0.22 0.35 1.45
B21b 35.20 30.48 90.3 1.78 23.77 0.02 0.33 7.36 0.16 0.35 1.44
B22c 62.30 59.06 84.9 5.21 39.59 0.09 0.67 12.39 0.09 0.25 4.01
B22d 61.86 57.55 84.6 5.04 39.17 0.10 0.65 12.21 0.08 0.28 4.33
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B25a 43.43 41.23 80.9 6.47 25.91 0.06 0.32 8.56 0.26 0.35 1.50
B25b 43.21 40.54 80.5 6.55 25.70 0.06 0.31 8.44 0.31 0.33 1.51
B28c 53.21 46.34 69.4 10.10 27.24 0.18 0.28 9.19 2.17 0.24 3.82
B28d 54.35 46.71 69.2 10.40 27.74 0.21 0.29 9.33 2.13 0.23 4.02
B29c 33.43 29.95 73.9 7.35 17.66 0.05 0.23 6.40 0.29 0.41 1.05
B29d 34.00 30.45 72.6 8.00 17.49 0.04 0.27 6.49 0.26 0.45 1.01
B31c 28.51 26.38 73.4 6.32 14.40 0.02 0.17 6.00 0.07 0.36 1.16
B31d 29.58 27.40 72.9 6.71 14.84 0.02 0.19 6.15 0.08 0.39 1.20
B33a 44.24 44.21 52.5 17.82 15.77 0.10 0.34 6.91 0.22 0.20 2.87
B33b 44.80 44.88 52.0 18.00 15.80 0.07 0.32 7.00 0.17 0.17 3.27
B35g 43.82 40.47 62.9 14.64 18.04 0.08 0.37 8.51 0.03 0.66 1.50
B35h 45.92 42.79 62.4 15.61 18.83 0.09 0.36 8.83 0.03 0.65 1.52
B36a 60.64 60.26 45.1 27.73 18.43 0.33 0.24 8.53 0.09 0.16 5.13
B36b 60.68 59.40 45.3 27.64 18.47 0.27 0.25 8.62 0.09 0.15 5.19
B37a 53.50 50.61 57.5 18.12 23.24 0.19 0.08 7.28 0.02 0.15 4.41
B37b 54.73 49.87 58.3 19.09 24.09 0.15 0.10 7.52 0.02 0.18 3.58
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B38a 36.80 33.61 76.0 7.10 20.40 0.07 0.37 6.67 0.01 0.54 1.65
B38b 34.27 32.17 73.5 7.49 18.40 0.06 0.33 6.03 0.01 0.43 1.52
B39a 30.87 29.40 58.4 11.90 13.27 0.05 0.17 4.39 0.00 0.20 0.90
B39b 32.10 30.82 58.0 12.49 13.72 0.05 0.18 4.50 0.01 0.22 0.95
B40a 35.36 33.76 55.3 14.86 14.28 0.04 0.21 4.84 0.00 0.25 0.88
B40b 32.68 30.74 57.8 12.86 13.80 0.04 0.20 4.67 0.00 0.24 0.88
P1c 23.60 21.61 42.1 12.52 5.56 0.04 0.14 3.91 0.10 0.32 1.00
P1d 23.65 21.48 42.7 12.39 5.69 0.05 0.14 3.95 0.09 0.32 1.02
P2a 20.12 18.95 55.7 7.23 6.21 0.04 0.29 4.44 0.78 0.27 0.85
P2b 21.47 20.63 51.6 8.78 6.12 0.04 0.30 4.37 0.65 0.29 0.91
P3a 29.14 27.41 39.7 16.01 6.34 0.03 0.35 4.58 0.26 0.30 1.27
P3b 27.99 26.48 41.0 14.92 6.39 0.04 0.34 4.47 0.28 0.28 1.27
P4a 25.50 24.41 44.1 12.92 6.25 0.03 0.16 4.54 0.20 0.29 1.11
P4b 25.36 24.22 44.3 12.79 6.23 0.03 0.15 4.58 0.18 0.27 1.13
P5a 29.54 29.58 39.2 16.29 6.22 0.06 0.31 4.66 0.18 0.38 1.44
P5b 26.84 25.83 41.9 14.00 6.24 0.06 0.30 4.68 0.14 0.03 1.39
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P6a 37.50 33.71 40.1 20.87 7.96 0.05 0.49 6.04 0.23 0.56 1.30
P6b 35.56 31.34 41.7 19.23 7.90 0.05 0.46 5.99 0.28 0.47 1.19
P8a 21.19 20.90 39.9 11.50 4.39 0.05 0.20 3.56 0.15 0.31 1.04
P8b 23.62 23.27 36.4 13.45 4.41 0.05 0.18 3.59 0.08 0.43 1.43
P9a 28.86 29.08 35.2 17.07 5.42 0.06 0.27 4.47 0.01 0.00 1.56
P9b 27.20 27.59 37.3 15.52 5.38 0.07 0.27 4.37 0.02 0.12 1.45
P10a 31.69 31.36 33.2 19.46 5.30 0.07 0.36 4.67 0.01 0.17 1.65
P10b 32.77 32.56 32.3 20.48 5.43 0.08 0.37 4.76 0.01 0.02 1.62
P11a 28.44 26.76 39.2 16.07 5.68 0.05 0.17 4.98 0.00 0.33 1.17
P11b 28.90 26.80 39.4 16.40 5.78 0.04 0.17 5.05 0.00 0.37 1.08
P13a 26.74 25.33 37.5 15.62 4.99 0.07 0.15 4.51 0.00 0.37 1.03
P13b 28.81 27.67 34.7 17.67 5.01 0.07 0.15 4.53 0.00 0.31 1.07
P14c 32.58 28.17 30.2 21.37 4.57 0.05 0.50 4.53 0.00 0.24 1.31
P14d 31.57 28.96 31.1 20.48 4.49 0.05 0.53 4.51 0.00 0.28 1.23
P15a 40.38 40.33 26.6 28.21 5.11 0.10 0.42 5.21 0.00 0.00 1.33
P15b 37.61 37.91 28.9 25.43 5.18 0.07 0.39 5.30 0.00 0.00 1.24
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P17a 35.68 35.15 29.1 23.74 5.05 0.12 0.46 4.87 0.00 0.00 1.44
P17b 35.30 35.86 29.6 23.58 5.09 0.10 0.46 4.90 0.00 0.00 1.17
P18a 25.49 24.67 36.7 15.36 4.41 0.04 0.24 4.39 0.00 0.30 0.75
P18b 24.43 23.43 37.5 14.49 4.37 0.03 0.21 4.28 0.00 0.29 0.75
P20a 21.32 20.07 35.1 13.16 3.42 0.03 0.35 3.41 0.00 0.31 0.65
P20b 22.80 20.75 32.5 14.68 3.38 0.05 0.35 3.37 0.00 0.32 0.65
P21a 16.94 16.05 26.5 11.87 1.95 0.01 0.28 1.96 0.00 0.30 0.58
P21b 15.84 14.83 28.1 10.82 1.95 0.01 0.27 1.97 0.00 0.27 0.55
P26c 37.92 35.96 37.0 22.44 7.94 0.06 0.34 5.43 0.00 0.34 1.37
P26d 38.10 37.66 37.1 22.43 7.99 0.06 0.36 5.45 0.00 0.34 1.46
P27a 28.60 28.35 46.1 14.38 7.63 0.05 0.20 5.35 0.01 0.00 0.98
P27b 30.51 30.52 40.9 16.96 7.22 0.04 0.21 5.05 0.01 0.00 1.02
P29a 26.40 26.64 37.6 15.45 5.62 0.04 0.18 4.12 0.00 0.00 1.00
P29b 25.38 25.93 40.4 14.13 5.79 0.03 0.17 4.29 0.00 0.00 0.97
P30a 45.88 41.93 29.9 30.04 7.33 0.10 0.44 5.82 0.01 0.13 2.01
P30b 45.63 43.13 30.1 29.86 7.33 0.09 0.42 5.83 0.01 0.14 1.95
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P31a 28.88 27.76 42.7 15.66 6.51 0.04 0.48 5.06 0.00 0.29 0.83
P31b 31.21 28.03 36.3 17.35 5.92 0.17 0.48 4.67 0.00 0.27 2.35
SB1a 43.22 28.38 64.9 0.08 22.86 0.00 0.32 4.55 2.21 0.33 12.87
SB1b 44.28 29.50 65.3 0.07 23.55 0.00 0.32 4.72 2.17 0.35 13.11
SB2a 47.49 33.82 71.3 0.10 27.48 0.00 0.37 5.66 2.16 0.33 11.38
SB2b 48.30 35.14 70.6 0.05 27.75 0.00 0.39 5.63 2.32 0.34 11.82
SB3a 53.16 38.98 67.1 0.06 28.91 0.00 0.35 6.07 4.58 0.34 12.85
SB3b 53.67 38.04 66.6 0.07 28.96 0.00 0.40 6.04 4.72 0.37 13.10
SB4c 55.70 51.59 89.7 0.24 40.76 0.01 0.45 8.60 0.03 0.13 5.48
SB4d 55.26 51.80 89.8 0.19 40.47 0.00 0.48 8.56 0.04 0.11 5.40
SB9a 42.12 27.63 66.8 0.16 22.86 0.00 0.30 4.68 2.62 0.30 11.21
SB9b 42.64 26.32 67.1 0.18 23.26 0.00 0.28 4.75 2.62 0.31 11.23
SB10a 45.24 31.36 67.4 0.17 24.80 0.00 0.30 5.11 3.27 0.30 11.30
SB10b 45.64 30.50 67.1 0.17 24.83 0.00 0.31 5.16 3.19 0.31 11.67
SB11a 26.15 25.03 94.5 0.00 20.36 0.00 0.10 4.14 0.16 0.10 1.28
SB11b 26.97 25.45 94.3 0.03 20.94 0.00 0.09 4.27 0.18 0.12 1.34
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Data below suspect due to AgTUCEC>>ECEC; likely instrument malfunction
B15a 27.36 33.73 80.1 0.07 16.98 0.00 0.16 4.64 0.48 0.15 4.88
B15b 26.52 42.61 79.2 0.26 16.23 0.00 0.18 4.41 0.20 0.19 5.05
B16a 29.43 40.86 82.1 0.32 18.63 0.03 0.20 5.16 0.27 0.16 4.66
B16b 30.79 42.90 80.4 0.17 19.04 0.01 0.22 5.33 0.78 0.15 5.08
B23a 54.72 55.98 76.2 1.79 31.16 0.19 0.47 9.87 5.51 0.21 5.52
B23b 54.04 56.50 76.5 2.37 30.85 0.22 0.45 9.85 4.29 0.21 5.80
B24a 47.41 57.01 72.6 0.48 25.62 0.03 0.35 8.29 7.39 0.15 5.09
B24b 49.28 50.29 73.7 0.52 27.21 0.03 0.40 8.51 7.14 0.19 5.28
B26a 43.53 43.67 71.7 1.20 23.46 0.09 0.23 7.36 6.21 0.14 4.83
B26b 43.57 42.02 71.7 1.55 23.39 0.12 0.25 7.37 5.78 0.25 4.86
B27a 54.23 54.80 67.3 7.78 26.52 0.36 0.35 9.43 4.92 0.18 4.69
B27b 54.58 55.56 66.4 11.17 26.41 0.17 0.35 9.32 1.57 0.16 5.42
B32a 48.86 51.93 56.8 15.32 19.61 0.43 0.42 7.57 0.07 0.13 5.29
B32b 53.88 50.68 56.3 18.14 21.54 0.34 0.46 8.16 0.07 0.16 5.01
B34a 43.25 43.04 55.0 16.81 16.59 0.05 0.15 6.90 0.09 0.14 2.53
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B34b 43.13 44.57 54.6 16.68 16.39 0.04 0.13 6.78 0.07 0.24 2.81
P12c 40.57 42.28 27.4 26.41 5.52 0.10 0.26 5.21 0.01 0.12 2.94
P12d 42.03 41.78 27.9 27.23 5.91 0.10 0.26 5.44 0.01 0.13 2.95
P16c 49.20 49.51 27.0 33.20 6.69 0.19 0.42 6.07 0.01 0.08 2.54
P16d 48.14 49.38 27.3 32.26 6.60 0.13 0.46 5.99 0.01 0.08 2.61
Data below suspect due to large difference in replicates
B30a 29.60 27.30 79.1 4.55 16.33 0.03 0.22 6.51 0.52 0.36 1.09
B30b 34.21 32.07 78.5 5.57 18.88 0.04 0.23 7.41 0.61 0.35 1.12
P19a 36.39 36.57 27.3 24.99 4.68 0.10 0.40 4.85 0.00 0.00 1.37
P19b 40.69 41.34 25.1 29.06 4.81 0.09 0.46 4.96 0.00 0.00 1.31
P28a 28.10 28.21 41.2 15.33 6.51 0.01 0.19 4.88 0.01 0.00 1.16
P28b 32.14 32.73 35.7 19.42 6.47 0.01 0.19 4.81 0.03 0.00 1.22
SB5c 64.30 61.35 89.6 0.44 47.01 0.03 0.67 9.84 0.05 0.09 6.17






B14 4.15 4.13 4.13
B15 4.15 4.15 4.16 4.10 4.21 4.21
B16 4.11 4.05 4.04
B17 4.70 4.72 4.72
B18 4.57 4.54 4.54
B20 4.00 3.99 4.00
B21 4.00 3.96 3.94
B22 4.12 4.10 4.03
B23 3.75 3.71 3.70 3.67 3.67 3.78
B23 3.76 3.76
B24 3.76 3.73 3.72 3.82 3.79 3.78
B25 3.94 3.89 3.85
B26 4.01 3.99 3.98 3.95 3.91 3.90
B27 3.76 3.75 3.73
B28 3.73 3.72 3.69
B29 5.05 4.92 4.94 4.93
B30 5.06 5.04 5.06
B32 3.47 3.45 3.43
B33 3.46 3.44 3.42
B34 3.68 3.66 3.64
B35 4.88 4.88 4.87
B36 3.43 3.39 3.36 3.35 3.33 3.33
B37 3.83 3.79 3.78 3.77 3.75 3.71
B38 3.58 3.56 3.55






B40 3.54 3.52 3.52
P1 5.02 5.00 4.95
P2 4.37 4.36 4.35
P3 3.26 3.23 3.21 3.32 3.27 3.27
P4 4.51 4.58 4.59 4.60
P5 4.35 4.33 4.33
P6 4.87 4.88 4.85
P8 4.21 4.17 4.17
P9 4.21 4.20 4.21
P11 4.62 4.61 4.57
P12 4.49 4.47 4.46
P14 3.91 3.94 4.00 4.00
P15 3.99 4.00 3.99
P16 4.36 4.33 4.31
P17 4.26 4.26 4.28
P18 4.05 4.10 4.13
P19 4.19 4.18 4.21
P20 4.19 4.18 4.18
P21 4.15 4.15 4.14
P22 4.13 4.12 4.12
P23 3.91 3.88 3.87
P24 4.36 4.39 4.45
P25 4.45 4.37 4.37
P26 4.30 4.25 4.23






P28 4.18 4.19 4.19
P29 4.37 4.38 4.39
P30 3.51 3.45 3.45 3.26 3.23 3.22
P31 4.23 4.25 4.28
P32 4.23 4.24 4.23
P33 4.06 4.04 4.02
P34 4.24 4.23 4.23
P35 4.28 4.29 4.38 4.30 4.36
SB1 5.28 5.31 5.32 5.35 5.35 5.37
SB2 5.11 5.11 5.11
SB3 4.70 4.69 4.68
SB7 4.36 4.30 4.29
SB9 5.17 5.20 5.20
SB10 4.92 4.91 4.91
SB11 4.34 4.37 4.37
Data below suspect due to large difference in replicates
P10 3.98 3.78 3.93 3.94
B19 4.68 4.57 4.52
B31 5.34 5.15 5.18 5.12 5.08
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0.46 115.6 69.6 3.0 2.0 3.0 1.0
0.46 124.0 69.9 3.0 2.0 3.0 1.0B28
0.46 120.8 71.0
0.67 64.6 33.7 3.0 2.0 3.0 2.0
0.67 66.5 37.1 3.0 2.0 3.0 2.0B31
0.67 73.1 35.4
0.75 77.7 31.9 4.0 2.0 4.0 2.0





0.45 109.9 82.2 3.0 2.0 3.0 1.0














0.94 61.8 20.1 5.0 3.0 5.0 3.0








0.45 91.1 77.7 4.0 1.0 4.0 1.0
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